APPLICATION OF PRECISION MEASUREMENTS WITH TRAPPED ION AND DEVELOPMENT OF A PLANAR SURFACE ION TRAP SETUP by SWARUP DAS
APPLICATION OF PRECISION
MEASUREMENTS WITH TRAPPED ION
AND
DEVELOPMENT OF A PLANAR
SURFACE ION TRAP SETUP
SWARUP DAS
(M.Sc.(Physics), University of Calcutta, India)
A thesis submitted in fulfilment of the requirements
for the degree of Doctor of Philosophy (Ph.D.)
Centre for Quantum Technologies,
NATIONAL UNIVERSITY OF SINGAPORE
2017
Supervisor:
Assistant Professor Manas Mukherjee
Examiners:
Associate Professor Rainer Dumke
Assistant Professor Wenhui Li
Professor Dilip Angom, Physical Research Laboratory,India
Declaration of Authorship
I hereby declare that this thesis is my original work and it has been written
by me in its entirety. I have duly acknowledged all the sources of infor-
mation which have been used in the thesis. This thesis has also not been
submitted for any degree in any university previously.
Signed:
Name: Swarup Das
Date: 23th May 2017
ii
Abstract
The thesis presents lifetime measurement of SF−6 measured with an unprece-
dented precision. The electron affinity thus extracted soundly establishes
the structure of an SF−6 molecular ion as C4v symmetric. Furthermore,
photo excitation of trapped SF−6 ions indicates delayed emission due to elec-
tron detachment and dissociation. In addition, a technique using a simple
experimental approach to measure the vector magnetic field with a single
trapped Ba+ ion is presented . The results indicate that multiple coher-
ent population trapping (CPT) obtained by Zeeman degeneracy can be a
good resource for high resolution, high sensitivity magnetometry. The last
section of the thesis presents development of a planar ion trap set up us-
ing industrial approaches. It provides some insight into the problems that
are faced with these kind of traps as compared to the conventional three
dimensional traps.
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The thesis presented here consists of three topics. The first two are mea-
surements performed with atomic and molecular ions in two different ion
traps. The last part involves development of an experiment with planer
surface ion trap using commercial industrial approach. In the following all
the three topics are introduced in brief.
The structure of a sulfur hexafluoride molecule is a text book example of per-
fect octahedron. However if an extra electron is attached to it, the molecule
deforms and the extent of deformity decides its lifetime before the attached
electron detaches. This lifetime has been widely debated both theoretically
as well as experimentally for many decades so as its structure. The primary
reason of such wide spread attention on the structure of this anion is the
application of the neutral as a gaseous dielectric in electric power industry.
The dielectric however breaks down to form the anion which needs quench-
ing or replenishing. In either case, the SF6 molecule being a greenhouse gas
require to follow strict environmental norms. Thus its chemistry depends
largely on its structure. In this thesis the lifetime of SF−6 anion has been
measured with unprecedented precision and the electron affinity extracted
to soundly establish the structure of SF−6 as C4v symmetric. The analysis
has been performed simultaneously with S. Menk in a double blank ap-
proach and cross examined afterwards. These measurements are described
in chapter 3.
Unlike molecules, atomic energy levels are easier to calculate due to well
developed many body theoretical approaches. Therefore, the precision with
which experiments are required to be performed in order to verify atomic
1
Chapter 1. Introduction
structure calculation is challenging. In chapter 4, a modification of the stan-
dard Hanle approach is described in order to measure radiative lifetime of
the 2nd excited state of Ba+ ion. In developing this experiment, another
technique has been developed to measure vector magnetic field using a sim-
ple experimental approach which has a number of particular advantages as
compared to other approaches. The last leg of the thesis is more technical
in nature. Here, a complete description of development of a planar surface
trap using commercial technique is laid down. Most importantly, it provides
some insights about the problems that are faced with these kind of traps
as compared to more commercial 3D traps. The thesis is structured in the
following way:
In Chapter 2, I review different methods of lifetime measurements, relevant
theory of vibrational autodetachment and dissociation of excited molecular
SF−6 and a brief description of the theory of ion trap pertaining to surface
electrode ion traps. In chapter 3, we present the experimental setup and
the results of SF−6 decay in cryogenic environment. Chapter 4 presents a
detailed derivation of the Hanle signal obtained with a single trapped Ba+
ion. It also provides the use of the method in magnetometry. A population
transfer probability measurement method towards lifetime measurement of
the excited P3/2 state has been presented in this chapter. In chapter 5, I
demonstrate several different designs and fabrication of surface electrode




In experimental physics longer observation time leads to better precision in
energy or equivalently in frequency measurement. According to the Heisen-
berg uncertainty principle, ∆E∆t ≥ ~/2 where ∆E denotes uncertainty in
energy, ∆t is the observation time and ~ is Plank constant. It means, to
obtain higher precision in energy one needs to take the measurement for
a longer time. However, to reach this limiting precision all other technical
noise must be lower and hence isolated systems are necessary. One such
instrument that has been very useful in precision experiments is an ion trap
[3–5]. Radio frequency(RF) ion trap was first introduced by Wolfgang Paul
about 65 years ago. Since then it has evolved into an indispensable tool to
study the different aspects of physics.
One such application is the measurement of the excited state lifetime of a
system, like metastable state of atomic or molecular ions and clusters [6, 7].
Lifetime measurement of the internal atomic states and short lived molecu-
lar ions are center of investigation of this thesis. A brief explanation of the
different methods of ion trapping and lifetime measurements has been pre-
sented in this chapter. As are relevant to the later chapters, theory of Hanle
effect, electron detachment and dissociation from molecular SF−6 anion have




Ion traps enable us to confine and store ions in a localized space for as long
a time as possible. Traps like Paul, Penning, Kingdon etc. [3, 8, 9], belongs
to this category. Another kind of device that stores ions has been developed
during eighties and early nineties, are the storage rings [10]. Storage rings
are mainly used for confining high energy charged particles. Heavy atomic
or molecular ions with high energy of the order of several keVs can be
stored in a storage ring. There are two kinds of storage rings available:
magnetic and electrostatic storage rings. Unlike the magnetic storage rings,
electrostatic storage rings are smaller and easier to operate.
According to the energy of stored ions, ion storage devices can be divided in
two groups: those operating to trap ions with energy in the sub-eV region
and those where ions oscillate or revolve in a long beam line with high
velocities. Each of these has their own advantages and disadvantages. Many
physical problems have been investigated using both these kind of traps like
precision mass measurements [11], precision spectroscopy [12], cooling of
ions to sub-kelvin temperature [13] etc. Ions moving in a storage ring in a
definite trajectory are extensively used to measure lifetime and observation
of decay for different heavy atomic and molecular ions and clusters. Whereas
in an ion trap particles confined in a localized space allows the particles
to be cooled to a very low temperature. This has been proven to be a
promising technique to do quantum computation [14]. Over the last few
years these two types of traps has been used in tandem to circulate and
store ions simultaneously. One such typical example is ‘storage paul traps′
(PALLAS) [15]. It is a Paul trap shaped as ring to both circulate and store
ions. In the following, the theory and geometric realizations in linear Paul
trap and surface Paul trap has been addressed. It is followed by a discussion
on lifetime measurement techniques and theory of electron detachment and
dissociation from an excited SF−6 .
2.1.1 Paul Trap
Trapping an ion means confining it in a restricted region of space in all three
dimensions. Thus the amplitude of the confining force must be proportional
to the displacement of the ion from the trap center. So, the potential needs
4
Chapter 2. Theory
to be harmonic in all three dimensions. It can be realized by a potential of
the form:
φ = ax2 + by2 + cz2. (2.1)
This potential must satisfy Laplace equation, 52φ = 0, as there is no source
in the confining volume. The constants need to satisfy the following relation:
a+ b+ c = 0. (2.2)
Now since ~F = −e~5φ, we have a restoring force in two dimensions but
repulsive force in one dimension. This implies that it is not possible to get
confinement in all three directions by applying only static fields. However,
the problem can be dealt by applying periodically oscillating voltage of the
form:
V (t) = U − V cos(ΩRFt), (2.3)
where U is the DC component and V is the amplitude of the component
oscillating at a frequency ΩRF. Even though at any time there would be at
least one direction in which the force is repulsive, for particular choices of
U , V and ΩRF, time averaged potential in all the three dimensions can be
made attractive.
2.1.2 The equations of motion
The equation of motion of an ion of mass m and charge e, in a potential of
the form
φ(x, y, z, t) =
(U − V cos(ΩRFt))
r20
(x2 + y2 − 2z2) (2.4)
can be written as
d2x
dτ 2
+ (ax − 2qxcos(2τ))x = 0, (2.5)
d2y
dτ 2







Figure 2.1: The configuration of a hyperbolic Paul trap. RF and DC





+ (az − 2qzcos(2τ))z = 0. (2.7)





; τ = ΩRFt
2
and
r0 is the distance from trap center to the nearest electrode as shown in Fig-
ure 2.1. Solutions to these equations are stable in all three directions for
specific values of the stability parameters a and q. There are two frequency
components of the solutions to each dimension: high frequency micromotion
and the low frequency secular motion. For |a| << q2 << 1 an approximate














where the constant A can be determined from the initial conditions. From
eq. (2.8) it is evident that the motion is composed of two parts: one slow










another fast oscillation at the trap drive frequency called the micromotion.





In the pseudopotential model the time dependent potential generated by
the trap electrodes is approximated to one that is time independent and
quadratic, similar to that of a harmonic oscillator. Using this model the an-
gular frequencies of a single trapped ion in both radial and axial directions
can be calculated easily. When a, q << 1 the trapped particle motion in
the radial plane can be decomposed into a fast oscillation at frequency ΩRF
driven by the applied radio frequency field, and a low frequency oscillation
called the secular frequency ωi. For arbitrary RF and DC potentials φRF(r)
and φDC(r), such that the total potential is given by
φ(r, t) = φRF(r)cos(ωt) + φDC(r), (2.10)
here Q is the charge of the ion. A detailed derivation can be found in [3].






Figure 2.2: (A) Three dimensional view of a blade shaped linear Paul
trap. Opposite pair of electrodes(red and off-white) are connected to each
other. RF voltage is applied across them.(B) First stability diagram of a




In case of a linear Paul trap the radial (x,y) confinement is obtained by the
use of RF voltage and the axial(z)confinement is achieved by a static po-
tential between the pair of end cap electrodes. This axial trapping creates
anti-trapping in the radial plane, hence the radial trap frequencies are mod-
ified. The ion motion is stable only for certain values of the a−q parameter
as classified by gray area in Figure 2.2, for a = 0, the motion is stable for
0 < q ≤ qmax = 0.908. Figure 2.2 shows a typical schematic of a linear Paul
trap along with the first stability diagram.
The linear Paul trap used in our laboratory for the experiments discussed in
this thesis, is made up of four blade shaped electrodes with a radial distance
of r0 = 0.7 mm. This forms a two dimensional quadrupole potential. Two
end cap electrodes are placed in the axial direction with distance (2z0) of
2.2 mm between them. A static voltage is applied between them to confine
the ions in the axial direction. Considering a voltage of Vcap applied to the











(x2 + y2)− z2]. (2.11)
The equations of motion for a linear Paul trap are given by
d2x
dζ2
+ (a− 2qcos(2ζ))x = 0, (2.12)
d2y
dζ2






)z = 0 (2.14)
where ζ = ΩRFt/2 and a =
QVcap
ml2Ω2RF




with,  a numerical constant
determined by the trap geometry. Compared to the hyperbolic Paul trap
the equations of motion remains same in the radial directions, whereas the
axial motion differs. The stability parameter q is typically kept around 0.5
during the experiment. Radial and axial secular frequencies calculated by
using the pseudopotential approximation are expressed as











In a linear Paul trap multiple ions can be stored along the axial direction
choosing ωaxial < ωr. This allows the formation of a linear chain with
individual addressing possibility.
2.1.5 Surface electrode trap
The three dimensional linear Paul traps have been extensively used for
last few decades to trap, store and control ions. However, it is difficult
to integrate many three dimensional traps together for large scale quan-
tum information processing purposes because these devices are bulky three
dimensional structures requiring precise machining and careful assembly.
Recently, a new kind of design has been developed to trap ion above a sur-
face with all electrodes lying on a plane [16]. This is a favorable choice
due to the fact that the trap can be constructed using standard photolitho-
graphic techniques and the pattern can be easily extended to many traps
on same surface. This enables construction of complex trap architectures
and small electrode dimensions. Thus the design is highly relevant to scale
up quantum information processor for a large number of qubit operations
using trapped ions. Compared to 3D traps surface electrode traps have
larger optical access. Unlike the 3D traps, low trap depth of surface traps
limits the maximum energy at which ions can be trapped and their lifetimes.
There are two basic methods to calculate the desired fields for a surface
electrode design, numerical simulation of electrostatic fields and analytical
solution of the electrode geometry. Here, a brief explanation of the analyt-
ical solution of a five wire geometry as given by M.G House [17] has been
presented.
2.1.6 Electrostatic potential model
We assume a set of conducting electrodes whose upper surface lies on a
plane (y=0). Voltages applied to individual electrodes and their layout are
chosen by the experimenter to create a desired field. In the charge free
region above the electrodes the electrostatic potential φ(x, y, z) obeys the
Laplace equation 52φ = 0.
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Assuming all the electrodes span the entire y=0 plane, the electrodes are
extended infinitely in x, z direction and the gaps are infinitely small the
voltage applied on the electrodes can be taken as the potential φ(x, 0, z).
So, the potential over the x-z plane is piecewise constant. The model also
assumes that the potential drops to zero as y →∞, and it is finite as x or
z → ∞. The general solution of this boundary value problem [18] can be
written as


















where the coefficient values Cis are determined from the boundary condi-
tions φ(x, 0, z) for a particular geometry and voltage configuration. So, the
total field φ(x, y, z) at any arbitrary point can be found by summing the
contribution from individual electrodes. If we think of a single electrode
having rectangular shape with opposite corners at (x1, 0, z1) and (x2, 0, z2)
and held at a voltage V, while rest of the plane is grounded
φ(x, 0, z) =
{
V, x1 < x < x2, and z1 < z < z2,
0, otherwise
(2.17)
The coefficients Ci for the rectangular electrode can be determined by tak-

















[sin(kxx2)− sin(kxx1)]× [sin(kzz2)− sin(kzz1)],
(2.18)
other Cis can be calculated in a similar manner. Substituting these coeffi-
cients to the field expression for an arbitrary point gives,















{sin[kx(x2 − x)]− sin[kx(x1 − x)]}
× {sin[kz(z2 − z)]− sin[kz(z1 − z)]}. (2.19)
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The above expression can be reduced by first taking derivative with respect
to x and then calculating the resulting integral from standard table [19] and
then reintegrating with respect to x. Verification of the results against the
boundary condition reveals that no integration constant is required. The
solution for a rectangular electrode is given by



















(x2 − x)(z1 − z)
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√




(x1 − x)(z1 − z)
y
√




Thus, the above expression gives the potential generated by a single rect-
angular electrode kept at a voltage V. For any arbitrary set of electrodes
the potential is calculated by summing potentials generated by individual
electrodes.
The above model can be applied to design a field generated only by rectan-
gular shaped electrodes which will confine ions above the surface. A typical
five wire geometry has been presented in Figure 2.3.
RF electrode design: If we consider a radio frequency signal VRFcos(Ωt)
applied to a pair of RF electrodes, the resulting potential for this configu-
ration can be written as
























The position of the trap center is found from the local minimum of the RF









A saddle point which represents lowest potential connecting the local min-
imum region near the trap center, is the easiest point for an ion to escape,
this is termed here as ‘escape point’. The design used in the laboratory has
both the RF electrodes width same(b = c). For this design the escape point
is located at xE = a/2, yE =
√
2ab+ a2 + 2(a+ b)
√
2ab+ a2/2. The trap



















Figure 2.3: Surface electrode configuration in the xz plane. Pair of RF
electrodes are separated by the central electrode also called RF ground.
Outside the RF electrodes many DC electrodes are used to confine the
ion in z direction.
for a fixed value of a, the trap depth ψE has maximum value at b/a ' 1.19.
This is used in the trap design to maximize the trap depth. The stability









DC control electrode design: In a surface electrode Paul trap with five
wire geometry the splitted control electrodes on both sides of RF electrodes
are used to confine ions in the z direction. To ensure stable trapping in all
three dimensions a correct voltage setting for these DC electrodes are to be
found so that the radial and axial potential minima are located at the same
point above the plane. The width(w) of a control electrode is chosen ac-
cordingly, to create a constant value of the curvature of the potential along
the z direction. A good choice for the width is found to be w ∼= 4a. A
larger width of the control electrodes may require higher voltage bringing
in instability as predicted by Reichle et al. [20]. The voltage set can be



















Table 2.1: Surface trap parameters
a b VRF q value RF frequency Trap depth(ψE)
450 µm 550 µm 200V 0.23 7.2 MHz 0.128 eV
where Azz is the DC stability parameter in the z direction and φi is the
potential of individual electrodes at the trap center with unit voltage applied
to them. Table 2.1 shows a typical set of electrode widths, RF voltage
amplitude, frequency and corresponding q value and the trap depth for Ba+
ion.
2.2 Methods of lifetime measurement
Several experimental techniques have been developed over the past few
decades to measure the lifetime of atomic and molecular systems. Ma-
jority of the methods can be applied to both atomic and molecular systems
whereas, others are only suitable for certain specific systems. As an ex-
ample, only beam-foil method can be used to measure the lifetime of high
ionization states of atoms. In the following, the basic theoretical background
necessary for understanding this thesis have been described. It is followed
by a description of four different techniques used for lifetime measurement.
Each one has its own advantages and disadvantages which are mentioned
here. Out of these in this thesis we are using the “Level crossing method”
which is well suited for our purpose. Further detailed explanation may be
found in references [21].
2.2.1 Theoretical relationship
Excited atoms, molecules or ions may have several possible channels of
decay depending on the excitation energy and electronic level structure.
These channels include (i) spontaneous decay to lower energy excited state
or ground state thorough emission of photon, (ii) decay through electron
emission from excited state atom or molecule when the excitation energy is
13
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above electron affinity, (iii) molecules decay by dissociation when the exci-
tation energy is above the threshold dissociation energy.
If at time zero, a system contains Nj(0) atoms in the excited state j and the
spontaneous transition probability from the state j to a lower energy state








Ignoring collisions between atoms and assuming that no other state j is
created, the solution to the above rate equation can be written as





Here lifetime of the jth state is τj. The summation is taken over all the
possible lower energy states into which the state j can decay. For a system
where the initial atoms have an energy distribution then the rate equation
is calculated by taking integration over all the possible states and modes of





whereG(E) is the internal energy distribution of the excited atoms at energy
E and k(E) is the rate coefficient at energy E.
2.2.2 Beam-foil techniques
The beam-foil technique has been widely used in lifetime measurements over
the last few decades [22, 23]. In this method primary thing is to generate
an energetic beam of ions from an accelerator which are mass filtered in a
magnetic field. The mass fraction of interest is then sent through a thin car-
bon foil. Further ionization and excitation of the ions takes place through
interaction with the foil. The emerging beam after the foil is guided to the
observation chamber where the observation is done perpendicular to the
beam direction with a grating monochromator and photomultiplier. Due
to its high velocity the ions decay after traveling a distance due to its high
velocity. The grating monochromator is tuned to the wavelength of interest
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to observe the emission intensity(I(x)) as a function of distance x between
the foil and the observation point. From the position information temporal
decay curve(I(t)) can be obtained. This is the principle of measuring life-
time using beam-foil technique.
Depending on the mass-to-charge ratio of the elements, ion beam energy in
the range 20 keV to several MeV have been used in beam foil experiments.
High energy beam is necessary for highly charged heavy ions. The foil
should ideally be a material with low atomic number, with enough strength
to be self-supported with low thickness. This is required to minimize the
energy loss which having efficient charge transfer.
2.2.3 Phase shift method
The phase shift method, introduced in 1933 has been used to measure life-
time of atomic or molecular systems [24, 25]. The basic idea of this method
is to excite the system with an amplitude modulated broad band light or
a pulsed electron beam. The spontaneously emitted radiation from the ex-
cited system is found to be modulated at the same frequency as that of the
excitation source with a phase difference between them. This phase shift φ
can be written as
tan φ = −ωτ, (2.29)
where ω/2pi is the modulation frequency and τ denotes the spontaneous
lifetime of the excited state. It is found that the strength of the modulated
component of the emitted light varies as
(ω2τ 2 + 1)−1/2. (2.30)
The excitation, in general is achieved optically or using electron impact. The
electron excitation process is less selective and it requires observation of a
known lifetime for calibration. For optical excitation the phase shift can be
measure by an interferometer with equal optical path lengths. Even though
the initial experiments were performed with broadband light, with the ad-
vent of narrow band light a new type of phase shift experiment has been
developed. It is found that with a monochromatic, narrow-band modulated
light source the phase shift is dependent on the strength of the excitation,
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however for low values of the excitation strength the phase shift φ does not
depend on the strength. The phase shift in this case can be written as
tan φ = −2ωτ. (2.31)
This differs from the result obtained for broad band light source by a factor
of 2. It is also found that the modulated component of the emitted light
has a resonance behavior in ω.
2.2.4 Pulsed laser method
With the advent of short pulsed lasers a new method has been found to
measure the lifetime of atomic or molecular systems. Large number of mea-
surements have been reported using different configurations [26–28]. High
power pulsed laser in conjunction with storage rings and Paul traps has
been used to measure the lifetime and study the decay properties of atomic
or molecular excited states and molecular decay by reactions. Pulses of
nano-seconds to femto-second duration enable us to measure shorter life-
times of excited states. One such application has been the measurement
of the excited 5P1/2 and 5P3/2 states lifetime of Cd
+ ion in a Paul trap
using pico-second laser pulse [29]. Here the excited state lifetime is mea-
sured by time-correlated single photon counting technique. A single ion is
isolated from the environment and cooled in an ion trap. The trapped ion
is selectively excited to an upper short lived state using a pico-second laser.
Spontaneously emitted photons are then time correlated with this excitation
pulse. The excited state lifetime is determined from the distribution of time
delays from many such events. We performed similar experiment to study
the decay of SF−6 . Molecular SF
−
6 ions are stored in an Electrostatic Ion
Beam Trap (EIBT) where it bounces back and forth between the entrance
and exit electrostatic mirrors. A pulsed laser centered at 1064 nm wave-
length with repetition rate of 50 Hz is used to excite the ions. Subsequent
neutralization is observed by a micro channel plate detector. Details of the
experimental setup is given in chapter 3.
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2.2.5 Level crossing method
The level crossing method is widely applied to determine finite lifetime of
an atomic or molecular resonance [30]. If an atomic or molecular system
has a resonance frequency ω0 and it is driven by an excitation frequency ωl,
then the finite Lorentzian line shape of resonance is given by
L(ωl) =
1
(ωl − ω0)2 + (Γ/2)2 , (2.32)
where Γ = 1
τ
, τ being the spontaneous decay rate. The basic idea of this
method is to measure the change in the spatial intensity distribution or
polarization of fluorescence emitted from coherently excited levels which
overlap under the influence of an external electric or magnetic field. Sys-
tems having fine or hyperfine levels with different Zeeman shifts, show level
crossing at certain values of the applied magnetic field B which can be stud-
ied using this method. An interesting case of level crossing spectroscopy is
the zero-field level crossing. This can occur for a degenerate level having
total angular momentum J > 0. When the magnetic field B is nonzero,
the (2J + 1) Zeeman sublevels split causing a change in the polarization
characteristics of the fluorescence emitted. This phenomenon was observed
by Hanle in 1923, and it is called the Hanle effect [1]. A schematic dia-
gram of the level crossing and Hanle effect is shown in Figure 2.4. The
Zeeman sublevels have been plotted against the magnetic field amplitude
which shows crossing of the sublevels at different magnetic field values. A
special case, zero field level crossing also has been shown for an excited
state having a linewidth γ. There are practical advantages of level crossing
spectroscopy like, it requires simpler experimental arrangement compared
to other Doppler-free techniques. Experiments can be performed with a
simple vapor cells with broadband multi mode lasers. In some cases simul-
taneous excitation of different molecular levels can be avoided by selecting
suitable excitation process without the need of a monochromator. There
are also some disadvantages. Major problem is to do these experiments
with narrow band lasers, it is difficult to address all different Zeeman com-
ponents independent of the magnetic field B. More importantly, narrow
band excitation leads to coherence among different Zeeman levels thereby




















Figure 2.4: A schematic diagram of level crossing spectroscopy: i) vari-
ation of energy levels as a function of applied magnetic field magnitude
for Zeeman sublevels with J > 0. There are two values of B as shown
here, at which the Zeeman sublevels from two different spin states cross
each other. ii) This is a special case of Zeeman sublevels cross each other
at zero magnetic field.
theory of Hanle effect and the observables pertaining to our measurements
for a trapped Ba+ ion has been presented.
2.2.6 Theory of Hanle effect
In 1922, Wilhelm Hanle as part of his PhD thesis [31], studied the de-
pendence of emitted light intensity from an excited atom on intensity and
polarization of the incident light. The main observation was that for a se-
lective detection of a particular polarization of light from an excited atom,
the emitted light intensity depends strongly on magnetic field strength and
direction.
This effect can be described classically as an effect due to precession of
atomic dipole in the magnetic field(B). Considering optically active elec-
tron in the atom acting as an oscillator, this oscillator oscillates parallel to
the direction of polarization of the incident light. Thus the emitted radia-
tion will be polarized in the same direction as the incident light. At B = 0,
this determines the emitted radiation properties. As B is made non zero,









Figure 2.5: (A) Precession of the magnetic moment of ion in the mag-
netic field. (B) Damped harmonic oscillator emission pattern as it precess
around the magnetic field [1].
not the polarization direction. Since, polarization and intensity of emission
from a dipole depends on the its orientation as it precess in the magnetic
field, the rate of emission depends on direction of emission. So, it turns
out that the intensity of a particular polarization is maximized when the
lifetime of the excited state coincides with the precision period. Figure 2.5
shows the plausible illustration of how the dipole moment precess around
magnetic field and its emission as it decays to the ground state. If we assume
a rotation of the oscillator by an angle φ with respect to the observation
direction at time t = 0, then the intensity(dI) of the observed light for an
interval dt can be written as
dI ∝ (sin2φ)e−t/τ , (2.33)
where dipole radiation gives the sinusoidal term and the exponential decay
arises from the radiative decay. So, for continuous excitation and observa-





where C is a constant and ωL = gJ(µB/~)B is the Larmor frequency for the
magnetic moment µJ , µB is the Bohr magneton. The resultant intensity af-
ter integration is a Lorentzian distribution, where the lifetime of the upper
state, τ can be obtained from the full width at half maximum(FWHM) of









where gJ is the Lande-g factor of the state and ∆B1/2 is the FWHM of the
Lorentz spectrum in terms of the applied magnetic field strength.
Prior to the invention of lasers, all the Hanle experiments were done using
discharge lamps as light sources [32–34]. So, the light exciting the transition
is incoherent and broad band, hence we can neglect any coherence resulting
between the ground and excited state of the atom [35–37]. Hanle experi-
ments done with laser having narrow spectral line width requires detailed
theoretical analysis of the level structure and coherence of the atomic levels
of interest. Thus, we have to solve the full optical Bloch equations [38] to
determine the emitted spectra [39–41].
2.2.7 Zeeman sublevels and optical Bloch equations
The standard way to determine time evolution of a quantum system is to






[H, ρ] +L ρ, (2.36)
where ρ is the density matrix of the system. If γ is assumed to be the decay




(2σ−ρσ+ − σ+σ−ρ− ρσ+σ−) (2.37)
In the Liouvile equation(2.36) the first term on the right hand side gives
an exact description of the system without any decay. Whereas, the second
term includes all the relaxation terms. Based on the above Liouvile equa-
tion, the time evolution of the atomic system with Zeeman sublevels can be
determined by the optical Bloch equations(OBE). The OBE include com-
plete light atom interaction and sources of decoherence due to spontaneous
emission and finite laser linewidth. Analysis of the Hanle measurement for
the P3/2 state involves consideration of all the relevant energy levels includ-









































Figure 2.6: Level diagram of 138Ba+ and parameters for 18 level Bloch
equations. ΩRi and ∆i values represents the Rabi frequency and the
detuning of the lasers connecting two states respectively. Where the
subscript i = g, b, o, r defines the colour of lasers used to address the
transitions as shown above. The dotted line represents levels at zero
magnetic field. The long dashed lines are used to denote detuning of
each laser from the unshifted level positions.
The level diagram of the 138Ba+ with all the relevant Zeeman sublevels has
been given in Figure 2.6. For 138Ba+, to obtain the Hanle spectra and to
measure the lifetime of P3/2 state involve excitation of the ion from ground
state to the excited state using a diode laser operating at 455 nm. Once ex-
cited to the P3/2 state, it can decay through three possible channels. Table
2.3 shows the different parameters for all the states involved.
The excited 6P3/2 state has a natural linewidth of about 25.4 MHz [42].
This implies the presence of coherence in the state as long as the Zeeman
separation of the sublevels are within the natural linewidth of 25.4 MHz.
This gives rise to the Hanle effect as described in sec. 2.2.6. The experi-
mental protocol requires linearly polarized light at 455 nm to excite all the

































































































































































































































































































































































































































































































































































































































































































































































Table 2.3: Level transitions and their natural linewidth for 138Ba+.
Transition λair(nm) Γnat(MHz)
62P3/2 ⇔ 62S1/2 455.412 18.8
62P3/2 ⇔ 52D5/2 614.171 5.9
62P3/2 ⇔ 52D3/2 585.5 0.7
62P1/2 ⇔ 62S1/2 493.4 15.1
62P1/2 ⇔ 52D3/2 649.690 5.3
Considering ΩRb, ΩRo, ΩRg, and ΩRr to be the Rabi frequencies, ∆b, ∆o,
∆g, and ∆r to be the detunings for 455 nm(blue), 614 nm(orange), 493
nm(green) and 650 nm(red) lasers respectively and the ground state Zee-
man splitting ΩL = µBB, the total Hamiltonian is given in Table 2.2
The relaxation terms are mainly from two different sources: narrow linewidth
of all the lasers driving the transitions and the finite linewidth of all the
excited levels. After the Hamiltonian(H) and the relaxation terms are cal-
culated, different kinds of measurements are depending on the observable.
One corresponds to the situation when all the lasers are on, a steady state
solution to the Liouvilian equation can be found by equating dρ
dt
= 0. This
gives the steady state solution to the problem. Another observable of inter-
est is the ground state population after finite time probe of 455 nm laser.
2.2.8 Observable and Hanle signal
The specific configuration of the magnetic field, laser polarization and de-
tector position in the Hanle measurement requires identification of the ob-
servables for a chosen configuration. This can be explained from a simplified
two level transition where each level has several Zeeman sublevels. Consid-
ering a general case as depicted in Figure 2.7 if one considers a transition
between two levels, namely the ground state having total angular momen-
tum Jg and the excited state having a total angular momentum Je, the field
operator corresponding to the photon radiated by the atomic dipole in the





















Figure 2.7: A general field configuration where the incident light is
polarized along ~n and the magnetic filed is along ~z direction. The atomic
dipole is situated at the origin of the axes. A multilevel atomic system
has been represented in the right.
where ~4 is the transverse propagator and ~k = knˆ and the coordinate vector
for the atom and the far field position is given by ~R and ~Ratom respectively.
The dipole lowering operator ~d− can be expanded into its components in x,y







[d−−1 − d−+1] and d−y = 1√2 [d−−1 + d−+1].
Where in terms of the angular momentum quantum numbers(q,me,mg) the




(−1)qα(−q,mg,me) |Jg,mg〉 〈Je,me| , (2.39)
where α(−q,mg,me) represents the Clebsch-Gordan coefficients given by
α(−q,mg,me) = 〈Je,me|Jg, 1,mg, q〉 . (2.40)
In Hanle measurements, most often a particular polarization is selected at









The measured intensity at the detector, Ω−out.Ω
−
out is proportional to
( ~E∗out.~d
−)( ~Eout.~d+), (2.42)




(−1)qα(q,mg,me) |Je,me〉 〈Jg,mg| . (2.43)
In the following section two special cases of detected polarization has been
given.
Case I: If we take a special case into account, where the polarization of the
detected light is parallel to ~B. In this case only detected photons are orig-
inated from pi transitions between the ground state and the excited state.
Following the above convention the electric field of the detected photons are
~E0 = ~Ez. So, the expression of the output fields can be written as
~E∗0 ~d














The expectation value of the observable or the intensity of the detected light
with polarization along ~B can be determined from the following expression




where ρst is the steady state density matrix of the system.
Case II: Another configuration of interest is when the detected light is
perpendicular to ~B. Denoting the output electric field vector ~E0 = ~Ex, the
field operator in this case can be written as




[−α(1,mg,me)] + α(−1,mg,me)] |mg〉 〈me|
and











Using equation 2.46 the expression for the observable Ω−outΩ
+












[|α(−1,mg,me)|2 + |α(1,mg,me)|2] |me〉 〈me|
−∑m′e,me [α(−1,mg,m′e)α(1,mg,me) + α(−1,mg,me)α(1,mg,m′e)] |m′e〉 〈me|
(2.47)
Finally the expectation value of the observable i.e intensity of the detected
light with polarization along x is given by
Ix ∝ Tr[ρstΩ−x Ω+x ] =∑
me
[|α(−1,mg,me)|2 + |α(1,mg,me)|2]pime,me
−∑m′e,me [α(−1,mg,m′e)α(1,mg,me) + α(−1,mg,me)α(1,mg,m′e)]pim′e,me
(2.48)
Considering all relevant parameters for Ba+ ion and the experimental con-
ditions the numerical solution to the above mentioned theory has been
presented in sec. 4.0.1. In the following an alternate method of lifetime
measurement of excited state of an atomic system is given.
2.3 Optical pumping and probability mea-
surement as a route to lifetime measure-
ment
For a two level system interacting with a monochromatic light with fre-
quency ω, the Rabi resonance transition probability [43] is given by
P =
ω2R
(ω − ω0)2 + ω2R
sin2
√
(ω − ω0)2 + ω2Rt
2
, (2.49)
where ωR is the Rabi frequency of the transition. It is evident from the
above equation that if the interaction time τi is fixed while the power of
the excitation radiation is varied, then P attains maximum value when
ωRτi = pi. In this condition the atom goes exactly from the ground to the
excited state or vice versa. In many cases the interaction time is not fixed
while it has distribution depending on the type of experiment performed.
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So, the observed average transition probability for an interaction time dis-
tribution f(t) can be written as
< P (4ω) >=
∫ ∞
0
P (4ω, t)f(t)dt, (2.50)
where 4ω = ω − ω0 . Usually in most of the precision spectroscopic ex-
periments with atomic beam the velocity distribution of atoms comes into
play while calculating the average transition probability. Another power-
ful method to achieve precision in spectroscopy in the Ramsey method of
the separated oscillatory fields(SOF) [44]. In this method a sequential ap-
plication of the pulses producing transition improves the precision of the
spectroscopic measurements. Since the resonance frequency depends on the
mean energy separation of the two states, in this method any instantaneous
fluctuation of the applied fields averages out.
Typically for a dipole allowed transition in alkali atoms the excited state
lifetime varies around few ns. This requires pulses of very short duration
to perform a precision experiment like Ramsey type. On the other hand
with a known sequence pulses employing eq. (2.50) the line width of the
transition can be determined from the numerical solution. In sec. 4.3 one
such method has been applied towards lifetime measurement of the 2nd
excited P3/2 state of the barium ion. The time distribution of the applied
excitation pulse is determined by the branching fractions to the decay to





4ω2 + γ2 + ω2R
, (2.51)
where the mean interaction time τ =
∫
tf(t)dt = 1/γ.
2.4 Electron auto detachment and dissocia-
tion of excited SF−6
Lifetime measurement of an excited polyatomic SF−6 has been a matter of
interest for last few decades. Several efforts have been made to determine
its lifetime both theoretically and experimentally. Here a brief theoretical
description of the electron detachment from SF−6 and its dissociation is pre-




∗ → SF6 + e− (electron detachemnt)
(SF−6 )
∗ → SF−5 + F (dissociation)
(SF−6 )
∗ → SF−6 + hν (radiative decay)
(SF−6 )
∗ + M→ SF−6 + M∗ (energy transfer)
(2.52)
where the first two equations represent e− detachment and dissociation re-
spectively. The other reaction channels include radiative quenching and
collisional deactivation of the excited ions. Radiative quenching occurs at
a time scale of the order of few tens of ms whereas, e− detachment and
dissociation takes place at earlier time scales. There are different model
calculations available to model each of these decay channels. Here, a brief
description of the electron detachment using thermionic emission model and
the dissociation using statistical adiabatic channel model(SACM) has been
presented. Details of this and other model calculations can be found in
reference [45]. Figure 2.8 shows a typical potential energy curve for SF6
and SF−6 displayed as Morse potentials. The energy difference between the
ground states of neutral and anion is represented as the adiabatic electron
affinity (Ea). The dissociation energy (Ed) is determined from the energy
difference between the ground state of the anion and the energy at infinite
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Figure 2.8: Schematic of the typical potential energy curves for SF6 and
SF−6 displayed as Morse potential. The adiabatic electron affinity(Ea)
of 1.03 eV connects ground states of neutral molecule and anion and
dissociation energy(Ed) of 1.44 eV has been used from reference [46].
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2.4.1 Thermionic emission model
Delayed emission from the excited molecules or clusters can be described as
a statistical process which is analogous to thermionic emission from a hot
filament. Typically the initial excitations are electronic, either one electron
transition or plasmon excitation. This coupling excites single electron on
a femtosecond time scale. If the excitation energy is above the threshold
for electron emission, the energy gets distributed among all the degrees of
freedom because of the coupling between the electronic excitation and the
atomic vibrations which also happen in picosecond time scale. Thus the
electron emission will be a slower statistical process.
Following are the parameters that are taken into account in the model cal-
culation of e− emission from SF−6 :
• Internal energy distribution of the neutral SF6 before ionization.
• Kinetic energy of the electrons captured.
• Rate constant of the decay k(E). This is a function of the total energy.
Implementing the theory of detailed balance as given by Andersen et al, in
[47], for electron emission from a molecule or cluster in thermal equilibrium,
the decay rate is related to the reverse reaction of electron absorption. The
rate constant is found by averaging over the initial states and summing these
transition rates over final states. So, assuming that the available states have
level density ρ, the detailed balance equation can be written as
kforwardρparent = kreverseρproducts. (2.53)
The level density of the products include level density of the emitted elec-
tron as well. The total level density of the products can be written as the
level density of the neutral SF6 multiplied by the number of states within
a small energy range(d) of the free electron (ρproducts = ρSF6ρe). If the free
electrons are contained in a volume V , then the rate of electron absorption
is given by the electron velocity multiplied by its density in space 1/V and
absorption cross section σa(). The rate constants from the above defini-







ρSF6(E − Eb − )
ρSF−6 (E)
d, (2.54)
where m denotes electron mass, Eb being the electron binding energy and E
is the internal excitation energy of SF−6 . If we assume the electron energy 
to be small in comparison to the total energy E, the term in the numerator
ρSF6(E − Eb − ) can be expanded to the first order in , introducing TSF6
being the microcanonical temperature of the daughter with energy E −Eb.
A microcanonical system in statistical equilibrium at a temperature Tm and







where ρ(E) is the level density and kB is the Boltzman’s constant. Imple-
menting the above definition of microcanonical temperature, the modified




















and the absorption cross section is averaged over
the thermal energy distribution at temperature TSF6 .
The microcanonical temperature Tm of the anion is the temperature of the
anion as it comes out of the ion source with a well defined thermodynamic
temperature. Canonical energy distribution applies when the ion is inside
the ion source where it exchanges energy with the rest gas and walls. Once
it comes out of the source the ions are isolated and their energy can be
considered to be conserved. However, in actual situation the system is
never ideal, so there lies a small difference between the peak energy E at
temperature Tm and the average energy E¯(Tm) which written as
E ' E¯(Tm)− kBTm. (2.58)
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Similarly the heat capacities for a microcanonical and a canonical system
can be written as Cm = Cc − kB. If the expression of rate constant is ex-
panded in Taylor’s series, the Arrhenius form of the rate constant is obtained
as
k(E) = A× exp(−Eb
kBTe
), (2.59)
where the emission temperature Te after finite heat bath correction can be
expressed as







Thus, we are able to obtain the rate constant, provided we can properly
model the molecular structure.
2.4.2 Adiabatic channel model for unimolecular dis-
sociation
Statistical adiabatic channel model(SACM) has been applied to determine
the rate constants for several unimolecular reactions over last few decades.
We have applied this model using the approach as formulated by Quack and
Troe [48] to calculate dissociation rate constant for the decay of SF−6 . In
this theory, the unimolecular process is assumed to take place on one poten-
tial surface which is spin allowed dissociation. The reactions are described
by resonance scattering theory [49–52]. The resonance scattering states |n〉
considered to be zero order rovibrational states denoted by |an〉|λn〉 for the
reactant molecule where the bound state in the reaction coordinate is given
by |λn〉 and in other coordinates are denoted by |an〉. Similarly, the product
states after dissociation can be written as |p〉 ' |aq〉|q〉, where |q〉 is the
continuum state in the reaction coordinate. The unimolecular rate constant
for the decay of |n〉 to |p〉 at a total rovibrational energy of E to E + dE







where γn→p(E) is called transmission coefficient and ρp(E) is the density of
those reactant states |n〉 that forms the particular product state |p〉. Consid-
ering all the product states at an energy E and the total angular momentum










Calculation of the transmission coefficient γn→p as well as identification of
the reactant and product states which couple to each other are the most
difficult tasks. A simplification of the theory which can be easily applied to
the experimental applications assumes
• All the reactant states |n〉 in the range E to E + dE are equally cou-
pled with the accessible product states |p〉. Thus, one can write
ρp(E, J) ' ρ(E, J). (2.63)
• All the accessible product states |p〉 are assumed to have equal statis-
tical weights. To determine the accessible channels one needs to con-
struct a right set of reaction coordinates(q) and other coordinates(Rq).
Then from the Hamiltonian constructed using the coordinates, a set
of “adiabatic channel states” |aq〉 are obtained. If we assume for a
particular |an〉 coupled to product state |ap〉 with eigenvalue Ea(q),
“adiabatic potential curves(Va(q))” are obtained by summing the po-
tential energy V (q) and eigenvalue Ea(q). For a given energy E, the
adiabatic approximation is expressed as
γn→p ' 0 if E < Vamax
γn→p ' 1 if E > Vamax
(2.64)
where Vamax denotes the maximum of the adiabatic potential curves
for qe < q < ∞ with qe being the value of the reaction coordinate in
equilibrium position of the reactant.













where W (E, J) is determined as a sum
∑
ap
of the adiabatic reac-
tion channels that are allowed following the above assumptions. The
ρ(E, J) denotes the rovibrational density of the reactant states at a
given energy E and J . So, the calculation of specific rate constant
involves calculation of the above two factors, namely W (E, J) and
ρ(E, J).
W(E,J) calculation : As explained earlier, in SACM the reactant and
product states are coupled to each other obeying the relevant angular mo-
mentum conservation and symmetry requirements. Following the approach
of Reference [53] the basic task is to separate the coordinates defined as
“disappearing oscillators”, which becomes the product rotors and other
coordinates as “conserved oscillators”. First the density of the allowed
channels of the disappearing oscillators ρl(E, J) is calculated and then it is
convoluted with the corresponding number of channels for the disappearing
oscillators Wr(Er, J). The W (E, J) can then be expressed as
W (E, J) =
∫ E
0
Wr(E, J)ρl(E − Er, J)dEr. (2.66)
Following are the steps to separate all the coordinates of reaction:
• The lowest open channel for a given angular momentum J determines
the threshold energy E0(J) which is the centrifugal barrier.
• Applying SACM, the energy pattern of the channel maxima for a sin-
gle disappearing oscillator is calculated. The number of open channel
states is expressed classically by
Wsc ' (E −D

)χ (2.67)
or in quantized form as
W = Int(Wsc + 0.5), (2.68)
where the Morse potential has D as dissociation energy in the reac-
tion coordinate and Int(y) represents the next integer below y.  and
χ in the above expression can be expressed in terms of the ratio of
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“looseness paremeter”(α) and “Morse parameter”(β). These rela-
tionships are [53]
χ = χeexp(−y − yn) + χ∞[1− exp(−y − yn)]n,
y = C2α/β,
C2 ' 1.24 + 55B∞/∞,
n ' 2.25 + (0.5× 10−3)∞/B∞,
 ' B∞ + (e −B∞)exp[−C3α/β − C4(α/β)4],
C3 ' 4.00− 1.29ln(e/D), C4 ' 2.80− 5.19ln(e/D).
(2.69)
Value of χe is 1 for reactant oscillator and for product rotor χ∞ is
0.5. When the transformation happens from the reactant rotor to the
product rotor then χe = χ∞ = 0.5. Here e denotes average of all the
reactant quanta for disappearing oscillators and B∞ denotes average
of the rotation constants for all product rotors.
• For the conserved oscillators, the channel maxima of the energy pat-
tern is expressed by interpolation between e and ∞:
 ' ∞ + (e − ∞)exp(−C3α/β). (2.70)
• W (E, J = 0) is then calculated by convoluting energy pattern for
conserved and disappearing oscillators. For J 6= 0 W (E, J) obtained
by displacement of the energy scale which implies, W (E, J) = 0 for
E < E0(J). However there are few important corrections like angular
momentum coupling correction and symmetry number correction are
implemented to get the final W (E, J).
Calculation of ρ(E, J) : The other important factor in the calculation of
k(E, J) is the density of states ρ(E, J). There are several methods that can
be applied to calculate the ρ(E, J). One such method is the direct count
method developed by Beyer and Swinehart [54]. In this method an array
of zeros is created considering energy spacing and maximum energy. The
array is initialized and the first entry is set to include ground state. A loop
is executed over all the vibrational modes with associated degeneracies. At
the multiples of vibrational frequencies the array entry increases by a num-
ber according to the degeneracy of that mode. There are other method like
the Whitten- Rabinovitch method which can also be applied. This method
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does not include the zero point energy but a correction factor is applied to
account for that.
2.4.3 Specific rate constants for detachment and dis-
sociation of SF−6
Polyatomic sulfur heaxafluoride(SF6) consists of one sulfur atom attached
symmetrically to six fluorine atoms in all three dimensions in space. The
bonding angles are 90◦, so the geometric structure is given by an octahe-
dron. Recently it has been found that the addition of an extra electron in
SF6 makes the molecule C4v symmetric instead of octahedral symmetry in
neutral SF6. This is contrary to the common belief that a single electron
that binds to the neutral molecule would minimally disturb the symmetry
of the neutral molecule.
For a molecule with n number of atoms, the number of degrees of freedom
it can have is 3n − m, where m denotes the number of constraints. Both
SF−6 and neutral SF6 has total seven atoms, this corresponds to the number
of degrees of freedom (3n− 6 = 15) with associated degeneracy.
Following the above mentioned models, the rate constants for electron de-
tachment and dissociation of SF−6 has been calculated using the most re-
cent values of the vibrational modes and symmetry properties. The electron
affinity(Ea) value of 1.03 eV was recently recalculated by Troe [46] follow-
ing the new structure information of SF−6 by Eisfeld [55]. The dissociation
threshold of S-F bond was experimentally determined to be 1.44± 0.05 eV
which agrees well with quantum chemical calculation mentioned in refer-
ence [46]. Figure 2.9 gives K(E, J = 0) calculated for the electron detach-
ment using thermionic emission model and for the dissociation of SF−6 using
SACM for different values of electron affinity and dissociation thresholds.
2.4.4 Decay rate
To calculate the decay rate, a canonical energy distribution (f0(E, T )) of







Figure 2.9: (A) Specific rate constant calculated using thermionic emis-
sion model for the detachment of electron from SF−6 at three values of
electron affinity Ea (B) Specific rate constant calculated using SACM for
the dissociation of SF−6 at three values of dissociation threshold Ed.
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f(E,T) T = 1000K
Figure 2.10: Specific rate constants calculated detachment and disso-
ciation channels with Ea = 1.03 eV and Ed = 1.44 eV. Total rate
constant is represented as a sum of the two individual rate constants.

















Figure 2.11: Decay rate considering total rate constant including ra-




rovibrationally excited SF−6 involve contribution coming from the three main
reaction channels, dissociation, detachment and radiative decay. The total
rate constant can be written as
KTotal(E, J) = Kdetachment(E, J) +Kdissociation(E, J) +Krad. (2.71)
The canonical energy distribution is defined by the temperature of the ex-
cited (SF−6 )
∗ and can be written as the density of states for the excited ions
multiplied by the Boltzmann factor:














Figure 2.10 shows the rate constants for different reactions and correspond-
ing decay rate at temperature around 1000K. The radiative decay rate con-
stant has been taken to be 40s−1 which is determined by fitting to the
experimental data discussed later in Chapter 3 is shown in Figure 2.11.
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Lifetime measurement of SF−6
3.1 Introduction
This chapter explains the decay of SF−6 at low temperatures and its lifetime
measurement. Work done in collaboration with MPIK based on proposal
of M.Mukherjee [56], Heidelberg where the analysis were done by myself
and Sebastian Menk [45] in double blank manner is presented here. SF6
is a polyatomic molecule having molecular weight 146.06 g/mol. Study of
SF6 molecule has been of particular interest because of its wide range of
applications in high voltage switches as an efficient dielectric [57]. It is also
used in plasma etching as an etchant [58]. The first measurement on SF−6
was made in 1962 [59]. It is still a matter of interest and concern as it
is a greenhouse gas [60], contributing to the global warming. Its efficient
use requires precise knowledge of the lifetime of the anion and its decay
characteristics. Several efforts has been made in the last few decades to
measure it experimentally. The results have been scattered ranging from
several µs to ms [61–63]. Things like conditions at the ion source and the
method used to measure the lifetime has been found to influence the re-
sults. Whereas most of these earlier measurements were done using time
of flight(TOF) method exhibiting a exponential decay. So a finite lifetime
value was extracted. Recently in 2008, it has been found that the decay of
SF−6 has a power law time dependence in the beginning to few ms followed
by exponential decay[64].
The other important aspect that needs careful investigation is the structure
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of the molecular anion and its electron affinity(EA). It was known that like
the neutral, molecule anion also has a tetrahedral symmetry. Central sul-
fur atom is surrounded by the six fluorine atoms in a symmetric octahedral
structure.The extra electron has no effect on its structure. But recently care-
ful theoretical investigation using coupled cluster theory [55, 65] proved that
the molecular ion has C4v symmetry instead of octahedral symmetry(Oh)
[66]. The extra electron added to the neutral molecule makes this change in
symmetry. Similarly EA value have been measured and calculated by sev-
eral groups all over the world both experimentally and theoretically. Latest
theoretical results about the structure of anion make a change in the EA
value which has been verified by our experimental results [67].
3.2 Experimental set up
Figure 3.1: A typical schematic of the experimental set up.
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The experiment was carried out in the cryogenic trap for fast ion beams
(CTF) [68] located in MPIK, Heidelberg. It is an electrostatic ion beam
trap (EIBT) [69] consisting of two sets of electrostatic mirrors. High energy
ions are externally injected into the trap, where it bounces back and forth
between the electrodes. A micro channel plate detector is placed along the
axis of the trap at the exit end of it. While bouncing back and forth in
the trap the atoms which are neutralized escapes from the trap and hits the
detector. The electrostatic trap is about 0.8 m long and it is placed inside a 3
m long cryogenic beam pipe. Figure 3.1 shows the schematic of the CTF set
up along with the beam path. Temperature of about 2K is achieved in some
places and the overall temperature of the vacuum chamber achieved is below
10K. Two layers of thermal isolation shields at 40K and 80K enclose the
main vacuum chamber in an onion like structure. Its ability to cool down to
cryogenic temperatures sets its apart from other existing EIBTs. Superfluid
helium at 1.8K is used to cool the electrodes and vacuum chambers. The
temperature achieved is sufficient to produce an ultra high vacuum on the
order of 10−13 mbar. Extremely low residual gas density enables longer
storage time inside the trap which is essential for our experiment. The
laser excitation of the stored ions is done by sending pulsed laser from top
through the center of the trap. Figure 3.2 shows a cross section of the CTF
along with the liquid He cooling system.
3.3 EIBT
The EIBT consists of two stacks of mirror electrodes, each contains 5 elec-
trodes and an Einzel lens. It forms two opposing electrostatic mirrors. Ions
reflect back and forth inside the trap. Einzel lenses are used to ensure
the trajectory of the beam to remain stable even after many oscillations.
Even though fewer number of electrodes can be used to create the potential
barrier, multiple electrodes provide more control on the potential profile.
Figure 3.3 shows the typical geometry of the EIBT. Electrodes in silver
color are grounded. Ions are injected into the trap from the entry side
electrodes kept at zero potential, the potential is switched quickly to high
voltage after injection.
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Figure 3.2: A cross section view of the CTF set up with liquid He cool-
ing system. Thermal shields at 40K and 80K surround the experimental
vacuum chamber with an isolation vacuum. Pulsed laser enters through
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Figure 3.3: A schematic of the EIBT used in CTF experiment. Elec-
trodes in silver colour are grounded [70].
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Figure 3.4: A cross section view of the ion source used in the ex-
periment including the extraction electrode along with the einzel lens.
Negative ions are creates on the target at a potential of -6 kV.
The ion source used for the experiment is a cesium sputter ion source,
namely multi-purpose ion sputter source(MISS) [71]. It is integrated with
an einzel lens and extraction electrodes for focusing and extraction of the
ions respectively. There are three main parts of the source. A drilled molyb-
denum(Mo) target, a Cesium(Cs) oven and a tungsten(W) filament. On the
target the sputtered ions are created at a potential of -6 keV. These sput-
tered ions are then extracted by the potential applied between the target
and the source housing. Afterwards the extracted ions are accelerated at
a potential of 20 keV to the extraction electrode. In the cesium oven the
neutrals are vaporized at a temperature about 1000C which then condenses
on the tungsten filament. The filament is heated to thermally ionize to
form Cs+ which is then accelerated onto the target. SF6 gas is introduced
through the drilled target. Figure 3.4 shows a cartoon picture of the ion
source. In terms of understanding the results it is important to know the
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ion creation mechanisms. Exact ion creation process is not well understood.
One plausible explanation is given below.
From the extracted ions energy it can be attributed that the ion creation
takes place near the target. SF6 gas introduced through target gets ad-
sorbed on the target surface. The adsorbed SF6 could desorb by capturing
an electron from the condensed cs on the target. Another possible explana-
tion can be the electron capture from the gas phase as the electron density
close to the injection hole can be sufficiently high. The thermal excitation
energy distribution of the ions created in the source is seen to have depen-
dence on the ion source pressure and the cathode voltage applied to extract
the ions. Further details can be found in the reference [45]
3.5 Detection setup
Two micro channel plate(MCP) [72] detectors of 40 mm diameter placed in a
chevron arrangement, comprises the CTF detection system. The MCPs are
attached to a position sensitive delay line anode. The distance between the
detectors and the center of the trap is around 871 mm. Any particle emitted
from the center of the trap within a cone of angle 1.30 can be detected. The
detection efficiency is found to be independent of the particle mass and
charge but it depends on their kinetic energy. The efficiency varies from
∼ 50% for higher energy (few keV) particles to ∼ 10% percents for low
energy (1000eV) particles. With the delay line detector, both the time
and position information of the detected particles can be obtained. A pick
up electrode is placed inside the trap inline with the trap axis to obtain
non-destructive detection of the stored ions. Image current picked up by
the pick up electrode can also be monitored on an oscilloscope during trap
operations.
3.6 Laser setup
Photo-excitation of the stored ions has been done by a pulsed Nd:YAG laser
with a repetition rate of 50 Hz. The Yag laser has fundamental wavelength
at 1064 nm which can be frequency doubled to 532 nm as well. The master
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Figure 3.5: CTF laser setup. The laser beam from Nd:YAG can be
used directly. Its frequency doubled part at 532 nm can also be used to
pump a dye laser. The laser beam shape is changed by Galilean telescope
to match stored beam size of about 1-1.5 cm diameter.
laser can be directly used for low energy excitation while the frequency
doubled slave laser at 532 nm pumps a dye laser. The output of the dye
laser can be scanned from 600-635 nm. This was used for probing high
energy excitations. For the experiments with SF−6 , the master laser was
primarily used. The beam coming out of the laser goes through a few beam
shaping optics to match the stored ion beam size of about 1-1.5 cm. the
typical average power of the beam used is around 100-800 mW at 1064 nm
as measured by a commercial power meter. The actual power falling on the
ions is around 1.22 times the measured power at the exit, which is calculated
by considering loses at the viewports. A typical pulse width is about 15-20
ns long at 1064 nm and 8-10 ns at 532 nm. Figure 3.5 shows a schematic
of the laser setup used in the experiment.
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Figure 3.6: CTF set up with particle detection
The ions extracted from the ion source at 6 keV first goes through an Einzel
lens for focusing and then through a chopper for pulsing (Figure 3.1). The
chopper creates ion bunches which are later mass selected. The mass se-
lection is done by a 90 degree dipole magnetic deflector. Magnetic field
strength is varied to scan over different masses. The observed mass scan
shows existence of different singly ionized atoms and molecules including
SF−5 . This is expected due to the high excitation energy present in the ion
production leading to dissociation of SF−6 . A high abundance of oxygen is
also seen, which may originate from water vapor and oxidized surface in
the ion source. There are 2 sets of horizontal and vertical slits before and
after the magnet. A faraday cup is placed after the last slit to monitor
the ion beam current. The bunched beam then goes through electrostatic
quadrupole triplet to prepare the ions emittance matching with the trap ac-
ceptance. A beam diagnostic setup placed in the next stage with an MCP
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placed at the entry side of the trap. Finally, after this the ion bunch en-
ters the EIBT. The high voltage switches operating at the entrance mirror
switches to high voltage after an ion bunch is injected into the trap within
few microseconds. The ion oscillation period in the trap is around 20 µs.
The temporal ion bunch length are created so as to maximize ion numbers
in the trap. Laser beam enters the CTF through view ports at top and the
exiting beam is observed by a power meter to monitor the power. Figure
3.6 shows a picture of the CTF along with the detection system. The pick
up electrode near the center of the trap is used to measure the number of
trapped ions non destructively and their position inside the trap. The image
current picked up by the electrode is amplified and observed in an oscillo-
scope, this gives the position of the ion bunch in the trap. The frequency
information can be extracted from the fast fourier transform of this time
domain signal. The frequency spectrum also helps to identify any unwanted
ions in the trap.
3.8 Measurements with SF−6
The data has been collected over two experimental runs lasting for about
three months. The raw data has been procured independently by two groups
to receive any subjectivity in modeling the data. Analysis of the experi-
mental data has been done in double blank method by myself and Sebastian
Menk [45]. The SF−6 produced in the ion source at a typical pressure around
10−6 − 10−7 mbar extracted at 6 keV energy are injected into the trap. It
takes approximately 7µs for the extracted ions to reach the beam chopper
while, the ion bunches of approximately 20 µs duration are injected into
the trap. These fast ions reflects back and forth between the electrostatic
mirrors. A MCP detector placed about 87 cm from the trap records the neu-
tral counts emitted from the ion bunch moving towards the detector. The
decay of the number of trapped ions observed at room temperature and at
cryogenic temperature shows significant change in the signal-to-noise ratio.
The storage lifetime of the ions in the trap which is mainly limited by the
residual gas collisions is measured after fitting the neutralization rate with
an exponential decay function.
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Table 3.1: Comparison of warm and cold trap lifetime
warm(∼ 300K) trap lifetime 29.0± 0.3s









where,N0 is the initial no. of ions, De is the detector efficiency and τstorage
is the storage lifetime time which it takes for the ion number to reach 1/e of


















Figure 3.7: Bunch structure of the decay in the beginning. The envelop
shows the decay behaviour.
The dark count rate is measured by ejecting the ions from the trap and
then continuing the detection and measurement from the empty trap. The
observed dark count rate is about 7 counts/s at room temperature and about
1.5 counts/s at cryogenic temperatures. At any given instant of time, half
of the trapped ions are moving opposite to the detector. So, the neutralized
particle emitted when the ion bunch is moving away from the detector can
not be detected. In our measurement of the lifetime of the anion, main
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Figure 3.8: Neutralization rate plotted vs time in log-log scale with
time binwidths of 20µs(blue) 0.1ms(red) and 1ms(green) respectively.
focus is to get the neutralization rate for the ion stored as a function of
time. In the CTF setup the minimum time required for neutral SF6 to
reach the detector is around 10 µs, Figure 3.7 shows the neutralization
rate of the ions in the first 500µs. The observed neutralization rate in the
raw data shows the temporal bunch structure of the trapped ion as well.
however, when the maximum rate in each trap cycle defined by the time
in which bunched ions make a full oscillation in the trap is plotted as a
function of time one observes the curves as shown in Figure 3.8. This curve
shows power law time dependence of the neutralization rate at earlier times
followed by the radiative decay at longer time scales. The scale chosen is
double logarithmic to observe the step shape of the decay. The extreme
low temperature achieved in CTF enables to get low background count and
thus an unprecedented signal-to-noise ratio.
The experimental data shows two important features, initially up to a few
ms power law(tn) decay is apparent, after that an exponential decay is ob-
served. A composite function involving power law function for earlier times
followed by exponential functional dependence was employed to model the
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decay. Neutralization rate for the assumed model is given by
R(t) = A(t/τ)n+1
1
et/τc − 1 + C, (3.2)
where A, C are constants for long storage times relating to the dark count
rate. Here, τc denotes the approximate cooling time. As can be seen from
the eq. 3.2 decay rate R(t) ∝ tn for t  τc. Whereas, the exponential
part dominates for times greater than τ . Decay observed at different source
conditions, like the source pressure, cathode voltage and filament current are
seen to have influence on the power. This power exponent varies from -1 to -
1.5 depending on the source parameters. Figure 3.9 shows the neutralization
rates for four different source pressure conditions along with the modified
fit given by the above mentioned model. Previous measurement by ELISA
[73, 74] reported a power of -1.5, where they used a plasma ion source. In
our analysis any change in the initial energy distribution of the anions in the
source influences the value of the power exponent. A detailed explanation
of the energy distribution and its effect is given in the model calculation of
the decay.
In Figure 3.10 the neutralization rate along with a power law fit for initial
short time scale is compared with previously observed ELISA decay curve.
Power exponent for this particular decay is found to be -1.394±.005. It is
also evident that the residual gas collisions with the trapped ions leading
to unimolecular decay in the ELISA measurement [64] limited the observed
decay to only 10 ms. Whereas, we could follow it up to almost 100 ms
in the CTF. The power exponent is seen to decrease with the increase in
pressure at a constant cathode voltage of the ion source. Whereas increase
in the cathode voltage is seen to increase the power at a constant pressure.
Even though the pattern is not smooth enough to have any satisfactory
explanation. Same goes with the filament current as well. Figure 3.11
shows the variation of exponent with source pressure at constant cathode
voltage of 800 V and 2000 V respectively. These pressures were measured
by a vacuum gauge connected near the beam chopper. Exact pressure in
the source is not well known, a rough estimate can be made about the exact
value of the source pressure as explained in [67] which is about 6×103 higher
than measured chopper pressure. All the characterizations are performed
consistently based on that pressure value only. Higher pressure in the source
leads to a higher collision rate. So, at higher pressure the excitation energy
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Figure 3.9: Neutralization rate as a function of time(log-log scale)
observed over different ion source pressure. The pressure is indirectly
measured by measuring pressure in the chopper chamber. The cathode
voltage and filament current are 800V and 22A respectively.
of the ions are higher thereby a faster decay is expected. The uni-molecular
decay can be followed up to minutes with the cryogenic trap through photo-
assisted excitation of the trapped ions. It is observed that without any photo
excitation the uni-molecular decay becomes unobservable at around 100ms.
Power law decay is followed by radiative decay which happens because of
collisions with the rest gas and observed around few ms of the time scale.
3.9 Statistical model calculation of the decay
rate for SF−6
Exponential decay can be explained by the collisional neutralization in the
trap. While the initial power law decay is explained by theory of Vibra-





















Figure 3.10: Neutralization rate and its power law fit.The dashed curve
is the ELISA measurement as compared with the CTF data.
where N0 and N(t) represents the ion number in the beginning and at time
t. In the above equation if we consider the rate coefficient(K) to energy de-
pendent, this implies each state is decaying via above equation with a finite
exponential lifetime. So an integration over all the energy states using K(E)
and energy distribution(G(E,T)) leads to the final neutral production as,
R(t) = N0
∫
G(E, T )K(E)e−K(E)tdE. (3.4)
In order to derive R(t) it has been assumed that the bunch of ions decays
independently of their vibration energy distribution among all the modes.
It is also assumed that no exchange of energy takes place between the ions
in the trap while the measurements are carried out. It can be easily seen
from R(t) that a single energy of all the ions would lead to an exponential
behaviour of the decay. However, a broad energy distribution G(E,T)of the
anions are expected after leaving the source. A canonical energy distribu-
tion for the ions can be applied assuming thermalization takes place before
the bunch enters into the trap. The energy distribution is given by
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Figure 3.11: Power exponent is plotted vs pressure at cathode voltage
800V and 2000V respectively.






where, ρ(E) is the density of states. We also consider a rotational excitation
which can also influence observed neutralization rate. So, in terms of total
rovibration energy E and rotational angular momentum quantum number
J the vibrational autodetachment rate coefficient K(E, J) is calculated. In
analogy with eq. 3.4 the neutralization rate can be written as
R(t, Tv, J) = N0
∫ ∞
EA(J)
G(E − E−R (J), Tv)K(E, J)eK(E,J)tdE (3.6)
The rotational excitation energy with a given J is assumed to be having a
canonical distribution characterized by rotational temperature(Trot). The
detachment rate constant K(E,J) has been recalculated recently by Troe [46]
using a new structure information of the SF−6 . The asymmetric structure of
ion in ground state brings in a change in the vibrational mode frequencies
[45] as well as the total number of modes. It is found that the C4v symmetric
SF−6 has low energy vibrational modes which dominates and increases the
density of states compared to the earlier known octahedral structure. The
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electron affinity value was also determined to be 1.03 eV instead of previous
value of 1.20 eV by Troe. Based on this new EA value, the VAD decay rate
was calculated using new vibrational frequencies. Calculated model fit to

















Figure 3.12: Neutralization rate and its VAD model fit.
3.10 Electron affinity determination of SF−6
The EA value of SF−6 has been a matter of discussion for decades. A wide
range of EA values have been obtained both theoretically and experimen-
tally. In all the previous analysis the EA value was kept constant at 1.03
eV as determined by Troe [46]. Experimental data taken over many source
pressure can be used to do a back calculation of the EA value. So, the analy-
sis were performed to determine the EA value from fits keeping temperature
of ions and radiative decay constant (Krad)as free parameter. Assuming the
vibrational and rotational temperature (Tvib = Trot = T ) to be equal, and
Krad to be constant for a particular experimental condition as explained
in ref. [45] a combined fit was performed for ten individual measurements.
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Figure 3.13: Global χ2/DOF calculated from the fits for ten data sets
[67].
The global χ2/DOF was obtained as a function of EA and Krad. It shows
a global minimum for values of EA = .090± .05 eV and Krad = 25± 5s−1.
The result obtained is similar to the values obtained by Eisfeld after taking
the structure correction of SF−6 of EA = .093± .07 eV and Krad = 30±7s−1
[67]. Figure 3.13 shows the global χ2/DOF calculated from the fits for ten
data sets. As the entire analysis has been performed independently and in
double blank manner, any subjectivity of the fits can be ruled out.
3.11 Laser induced excitation and delayed
emission
Laser induced excitation is the process in which stored ions are irradiated
by short laser pulses. So, excited ions emit electron after the excitation
for few hundreds of microseconds. The process has been previously stud-
ied on large molecules, metal clusters etc. Study of Al clusters has been
performed in CTF. For ions with vibrational degrees of freedom, this exci-
tation energy gets transferred to those degrees of freedom because of strong
coupling between electronic and vibrational degrees of freedom. Vibrational
redistribution occurs which makes the reverse process of energy transfer a
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statistical process. Only when sufficient energy to detach an electron is ac-
cumulated in to a vibrational mode, electron gets detached from the ion.
This can be explained by thermionic emission from a black body. Electron
detachment rate can be studied to get information about the temperature
of stored ions.

















Figure 3.14: Neutralization rate of SF−6 along with laser excitation sig-
nal at 50Hz in double logarithmic scale and semi-logarithmic scale(inset).
Laser excitations represented by the enhanced signal in the decay coin-
cides with laser shots at every 20 ms.
radiative decay become unobservable after few hundreds of ms. In that case
photo excitation is one way to study the decay of ions irrespective of ion
source parameters. Laser excitation makes a fraction of the stored ion beam
getting excited. This fraction of the excited ion ensemble contains one part
moving towards the detector and other part moving away from the detector.
Quickest of the neutrals reaching the detector comes from the excited part
moving towards the detector after excitation. Subsequent neutrals arrive
at interval of half the oscillation period. Similar to the previous experi-
ment 6 keV ion beam of SF−6 is trapped under cryogenic condition( 12 K).
The cathode voltage was kept at 2000V and the filament was operated at
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26 A. The pressure in the chopper chamber is kept at around 2×10−6mbar.
As explained earlier in the laser setup photo excitation is achieved by a
1064 nm pulsed laser with a repetition rate of 50 Hz. A typical pulse width
is around 15-20 ns. Average photon energy of 1.165 eV was enough to ex-
cite all ions above the EA, at the same time it ensures suppression of direct
photo-detachment probability, which was observed at photon energies of the
order of 2.8 eV to 3.27 eV approximately. All of the excited SF−∗6 ions hav-
ing energy above EA are neutralized after a few hundreds ms. Afterwards,
rest of the ions left in the trap are having energy below EA are affected by
residual gas collision only.
Figure 3.14 shows the neutralization rate along with photon induced en-
hanced signals. The photo excitation peaks are separated by 20 ms, which
is the laser repetition rate. Few initial photo excitation peaks overlaps with
the initial VAD decay. These peaks are excluded from analysis because of
the changing background.
3.12 Characterization of prompt signal and
delayed emission
As shown in the Figure 3.15 the prompt signal appearing from the initial
bunch of ions moving towards the detector after laser excitation represents
the decay of highly excited ions. Possible channels of decay can be ei-
ther vertical detachment, dissociation or VAD. Prompt signal is the decay
within 5 µs after the excitation. Subsequent peaks appear as delayed decays
of the excited SF−6 in an interval of 10µs. Figure 3.16 shows the prompt
counts following each laser shots as a function of storage time. It shows
two kinds of behavior, at early times the prompt counts increase and then
it follows the expected decrease of neutral counts because of radiative de-
cay. Initial increase is due to the overlap of photo detachment with VAD
decays and possibly some contribution coming from photo dissociation. A
threshold energy for dissociation determined by Troe from recent calcula-
tion is ED = 1.32eV . This initial increase also indicates that the ion energy
changes in this period of time.
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Figure 3.15: Integrated prompt counts up to 60s storage time. Initial
increase in the neutralization rate is shown in the inset.
Neutralization counts are summed over all laser shots in the storage du-
ration of 55 s is given in figure 3.17. The figure shows several equidistant
neutralization peaks followed by the prompt peak. Separation between the
peaks is 10µs which is half the oscillation period in the trap. Neutralization
count summed over all the laser shots in 0.1 s to 55 s are shown the figure.
Delayed emission signal can be resolved up to 60µs approximately. Since all
the decay channels are possibly contributing at these earlier time scales, a
composite decay model is employed to estimate the decay. Even though the
statistics is not much, a fit is obtained as shown in Figure 3.17 considering
detachment, dissociation and radiative decay gives tn power dependence.
The photo excitation enables to study the neutralization beyond electron
auto-detachment process. Thermal stabilization takes place after about 1 s
as seen from the unchanged photo induced decay for storage time up to 55
s.
Study of SF−6 decay for initial period after injection and then the photo-
excited decay afterwards give the quality of statistical model in explaining
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Figure 3.16: Prompt signal over 60s storage time fitted with radiative
decay function.
















Figure 3.17: Neutralization signal summed over all the laser pulses
from 0.1 s to 55s storage time. Binwidth is 2 µs. The green line represents
an approximate model fit to it considering detachment, dissociation and
radiative decay channels.
59
Chapter 3. Lifetime measurement of SF−6
the internal energy distribution and rovibrational decay. This can be fur-
ther extended to more complex molecule or clusters. This calculations in-
volves latest available results on electron affinity and structure information,
this excludes previously known vibrational auto-detachment models. Dif-
ferent source pressure and its related vibrational temperature also gives an
overview of the vibrational redistribution mechanism. Well controlled ion
production at low energies will be able to provide more accurate knowledge




lifetime measurement of P3/2
state of trapped Ba+ ion
Linewidth determination of an atomic dipole transition or equivalently the
lifetime of an excited state is an interesting and challenging area in atomic
physics as it is one of the fundamental properties of an atom. Since an atom
in the excited state is very sensitive to any perturbation, the system under
study must be isolated from the environment. The interactions lead to the
broadening of the natural linewidth by mechanisms like Doppler broaden-
ing, power broadening,pressure broadening etc. In order to measure the
radiative linewidth, the above mentioned broadening effects should be mea-
sured. In an ion trap, trapped and laser cooled ions can be confined in an
environment almost free from any external disturbances which is suitable
for precision measurements. Out of different methods of lifetime measure-
ments, the Hanle method is a promising one. As introduced earlier, the
Hanle effect is the spatial dependence of the intensity of the polarized scat-
tered radiation from an atomic or molecular system as the applied magnetic
field is varied across zero. Experimental techniques using the Hanle effect
have been one of the common tools to measure lifetime of an atomic excited
states. Hanle measurement protocols are best suited to get a Doppler free
fluorescence signal from an atomic system, only dependence being on the
lifetime of the excited state and the magnetic field fluctuations. However
most of the experiments are performed using a beam of atoms or ions which
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invariably leads to systematics like transit time broadening and pressure
broadening.
Barium ion is one of the heavy elements which is suitable for fundamental
tests like the atomic many body calculations, atomic parity non-conservation,
dark matter search etc [75, 76]. The lifetime of 62P3/2 state has been mea-
sured using methods like, beam-laser method, Hanle method etc. Kelly and
Mathur in 1978 [77] using Hanle method measured the lifetime of excited
62P3/2 state with an atomic source and broadband light source. The mea-
surement was done with a beam of barium ion exposed to broadband laser,
which could determine the lifetime of the excited state with a precision of
about 2%. So far, the best measurement has been performed by Harde et
al. [78] and Andrea et al. [79] using beam-laser method which determines
the lifetime with a precision of 1%. Unlike conventional wisdom, narrow
band light leads to systematics in a Hanle measurement. There have been
some studies of the Hanle effect with coherent light sources, nevertheless the
effect is not fully studied for a coherent interaction in multi-level system. In
the following we study the Hanle effect as well as the coherent population
trapping using Hanle type measurements in a zero magnetic field so as to
precisely nullify any residual magnetic field and also to prepare an exper-
iment towards measuring the lifetime of the P3/2 state. Using the theory
developed in sec. 2.3, the numerically simulated spectra for Ba+ ion are
given here followed by the experimental results.
4.0.1 Hanle spectra from solutions of OBE
Since P1/2 decay to S1/2 do not contain any Hanle signal for linear polariza-
tion [80], the decay from P3/2 state has been chosen to observe the Hanle
signal. In addition, this would allow the extraction of lifetime of the P3/2
state provided the systematics are controlled. Therefore we studied the pos-
sible influence of the experimental parameters on the Hanle signal which is
described in the following. In order to extract the observable derived in the
previous section, the 18 level Bloch equations has been solved. The steady
state solution is then used to obtain the Hanle observable as in eq. (2.48).
In an experimental scheme the system is considered to be under influence
of all the lasers indicated in Figure 2.6. In this case, the single trapped Ba+
is first prepared in ground S1/2 state followed by switching on all the lasers.
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Parameters like detuning, intensity, and linewidth influence the detected
intensity of the emitted radiation. Linewidths of all the lasers are mea-
sured from their respective phase lock noise. Whereas, the intensity or the
saturation parameter and detuning are measured from different experiment.
Figure 4.1 and 4.2 shows different Hanle signals as obtained for different de-
tuning and saturation parameter of all the lasers while the linewidth is fixed
to the experimentally measured value. Experimentally it is hard to keep
















































































































Figure 4.1: Hanle signal obtained for different saturation parameters
of all the lasers. A standard settings of the all the saturation parameters
are sat455=0.5, sat614=5, sat493=3, sat650=5 while the detuinng val-
ues ∆455=-12.5 MHz, ∆614=-30 MHz, ∆493=-20 MHz, ∆650=-30 MHz.
When a parameter is varied, other parameters are kept at standard set-
ting values.
saturation parameters and detunings constant for all the lasers throughout
the experiment.
As we observe from Figure 4.1, this variation will lead to different widths
and hence by model fit the error on the lifetime will be high. To reduce the
number of parameters, another experiment has been proposed where the
493 nm laser is kept off. The 650 nm laser is kept on to repump back the
ion to the ground state via P1/2 state. Figure 4.3 shows the Hanle signal
as function of magnetic field when the saturation parameter and the de-
tuning of the two lasers at 455 nm and 614 nm are varied. It is important
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∆455 = −5 MHz
Figure 4.2: Hanle signal obtained for different Detunings of all the
lasers. A standard settings of the all the saturation parameters are
sat455=0.5, sat614=5, sat493=3, sat650=5 while the detuinng values
∆455=-12.5 MHz, ∆614=-30 MHz, ∆493=-20 MHz, ∆650=-30 MHz.
When a parameter is varied, other parameters are kept at standard set-
ting values.
that when the lasers are red shifted the ion is at a lower temperature and
therefore cooling is higher. Usually in the experiments it is seen necessary
to keep the cooling laser and the repumpers at a detuning around -20 to
-30 MHz especially when the magnetic field splitting is above the natural
linewidth. In both cases discussed above one striking feature in the spectra
is seen to have the narrow dip across the zero magnetic field. Especially
in this case, where the 493 nm laser is kept off, the narrow signal width
at zero magnetic field which is about few MHz where the width depends
on the saturation parameters of the repumpers only. This is an important
observation which will be further discussed in section 4.1. In all the above
spectra when more than one laser are driving the transitions the spectra
shown does not require any polarization selection. Here these are not Hanle
spectra but spectra from Hanle type configuration. Total fluorescence count
detected at the detector from the spontaneous emission of the excited ion
in P3/2 state decaying to the ground S1/2 state is the observable. Therefore
we conclude that measuring the lifetime using the Hanle spectra is not a
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Figure 4.3: Hanle signal obtained without the 493 nm laser for different
Detunings and saturation parameter of 455 nm and 614 nm lasers. A
standard settings of the all the parameters are sat455=0.5, sat614=5,
while the detuinng values ∆455=-12.5 MHz, ∆614=-30 MHz. When a
parameter is varied, other parameters are kept at standard setting values.
good option.
It may be possible, if one uses incoherent light source to excite the ion. In
such a case the width of the central dip close to B = 0 is only dependent
on the upper state lifetime [77]. In case of excitation by coherent light the
structure of the spectrum is rather complicated.
However since a 18 level Bloch equation accurately model the system, it
is possible to numerically solve the Hamiltonian and fit the experimen-
tal spectrum. But achieving a precision of less than one percent, requires
knowledge of ten parameters also within one percent. These parameters are
the polarization, intensity and detuning of each laser and the magnitude
and direction of the magnetic field. Therefore Hanle spectra using coherent
light is not an option for lifetime measurement with high precision. Instead
we have developed an optical pumping scheme to measure the upper state
lifetime which is discussed in sec. 2.3. The Hanle spectra though compli-
cated has been found to be a great resource for magnetometry. Therefore as
shown in Figure 4.3 we have solved the full Hamiltonian with 18 levels and
fitted with our experimentally obtained spectrum for precise measurement
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of the magnetic field vector. The measurement however does not rely on the
theoretical fit, the fits are performed only for understanding the underlying
physics. In the following section, the measurement procedure of all the pa-
rameters are described followed by the theoretical fit and its interpretation.
In sec. 4.2 the results obtained from the magnetometry is vividly described.







Figure 4.4: Typical schematic of the experimental setup of a Hanle type
measurement. The incident light direction, the magnetic field and the
detection are perpendicular to each other. A linearly polarized light cou-
ples the ground state to all the upper zeeman sub-levels simultaneously.
This creates a superposition of the excited states. A detector placed mu-
tually perpendicular to the incident light and the magnetic field, detects
emission rate as a function of applied magnetic field magnitude.
A typical Hanle type experimental arrangement is shown in Figure 4.4,
where wavevector(~k), magnetic field( ~B) and the detection direction are ar-
ranged perpendicular to each other. In the experiment described here and
depicted in Figure 4.5 this arrangement has been followed all throughout.
However the usual Hanle spectrum is obtained when measurement is per-
formed on one of the polarizations. For magnetometric purpose this is not
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Figure 4.5: (A) A schematic of the experimental setup used in the
lab. The incident light and magnetic field is perpendicular to each other.
Three pairs of coils are used to create a homogeneous magnetic field
at the trap center. An extra pair of large coils are used to change the
magnetic field for the Hanle measurement. (B) Schematic diagram of the
experimental setup. The laser frequency and amplitudes are controlled
by a computer. All the laser frequencies are monitored by a wavemeter
with 5 MHz resolution.
necessary. The Paul trap used in this experiment is a linear Paul trap with
blade like structure for better optical access [81, 82]. The trap is operated
at a frequency of 16 MHz with an RF power of about 3− 5W leading to ra-
dial secular frequencies of about a few MHz. The axial frequency is usually
kept at 1MHz. The operating parameters however differ for linear chain of
ions which are not a subject of discussion here. A single ion produced in
a hot barium oven is resonantly ionized by a single diode laser at 413 nm
addressing an inter-combination line of neutral barium before it is excited
to continuum. Once trapped the ion is laser cooled by the dipole excitation
laser at 493 nm in combination with a re-pump laser at 650 nm. The ion
is detected by photons emitted spontaneously at 493 nm with an overall
efficiency of about 0.1%. This leads to a photon collection rate which is
more than 300 counts/10ms. The ion single can be either detected by a
electron multiplier charged coupled device (EMCCD) from Andor Luca or
by a photo multiplier tube (PMT) from Hamamatsu. In order to perform
a model fit to the experimental spectra, one needs to measure the intensity
and detuning of the three lasers. These measurements are described below,
followed by the magnetic field measurements.
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• Detuning measurement: Measurement of the detuning of the 614
nm laser is performed by using the opto-galvanic signal obtained by
614 nm light scanning barium hollow cathode lamp [82]. The opto-
galvanic signal provides an absolute reference frequency for the 614
nm light. Once it is determined, the 614 nm laser is kept fixed at zero
detuning, slow drifts of this external cavity diode laser (ECDL) are
manually compensated.
The 455 nm laser pulse is applied for a short time followed by a
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Figure 4.6: Resonance frequency of the S1/2 to P3/2 transition is de-
termined by varying the frequency of the 455 nm laser with respect to
an optical reference on Te2 transition. The probability of transfer to the
metastable dark state is obtained in a pulse sequence where a pulse of
455 nm laser is followed by the 493 nm and 650 nm laser pulse. The res-
onance center frequency is determined within an uncertainty of around
300 kHz. The thick line represents the Lorentz fit to the experimental
data.
state detection pulse comprised of 493 nm and 650 nm laser simul-
taneously. The probability of the atom to be in the ground state is
measured while the frequency of the 455 nm laser is swept across res-
onance using an acousto-optic modulator(AOM). The resonance fre-
quency center is obtained from this measurement has an uncertainty
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of about 0.5 MHz as shown in Figure 4.6. Since the 455 nm laser is
locked to a Te2 reference line [83], there is only small drift over time.
• Intensity measurement: Another important parameter which is
needed to be measured is the intensity of the 455 nm laser light falling
on the ion. This is determined using Autler-Townes effect also known
as AC stark effect [84]. The AC stark effect can be explained in short
as the back action of the refraction phenomenon. In other words, it
is the back action of light on atom. Where a non resonant light shifts
the energy levels depending on the detuning and the intensity of the
incident light. In the far off resonance limit where detuing(δ) is much











So, measuring the AC stark shift at a fixed detuning far away from
resonance the saturation parameter can be obtained. To obtain a
better accuracy of the saturation parameter the laser power was mon-
itored on a photodiode placed after the exit viewport. This helps to
constantly monitor the power during the measurement period without
disturbing any optical alignment. The AC stark shifts were measured
at different detuning values and corresponding saturation power or in
other words photo diode voltage at the saturation are recorded. Fig-
ure 4.7 shown measured AC stark shift as a function of 455 nm laser
power while its detuning is kept at approximately 150 MHz. A satu-
ration intensity of about 4.5± 0.5 µW/100(µm2) is obtained from the
measurement for S1/2 to P3/2 transition which is within the theoretical
estimate of 4 µW/100(µm2).
• Magnetic field measurement: Three pairs of coils are used in
Helmholtz configuration to generate a homogeneous magnetic field at
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Figure 4.7: Measured AC stark shift as a function of the 455 nm laser

























Figure 4.8: S1/2−D5/2 transition resonance frequency of a single bar-
ium ion as a function of the applied magnetic field. The upward and
downward magnetic field strength are independently fitted to a linear
model and the intersection is shown by a box. The inset shows the
zoomed view of the boxed part of the curve.
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the centre of the trap. A narrow linewidth diode laser at 1760 nm [85]
has been used to address the dipole forbidden quadrupole transition
between the S1/2 − D5/2 states (4m = 0). This has been used to
calibrate the magnetic field produced by the coils at the ion position.
The laser is phase locked to an ultra low expansion (ULE) cavity
by Pound-Drever-Hall technique [86]. The measured linewidth of the
laser after locking to the ULE cavity is found to be less then 300 Hz
[85]. Figure 4.8 shows the Zeeman shift measurement performed by
the quadrupole transition resonance frequency measurement as a func-
tion of the applied magnetic field. In this measurement only the ver-
tical coil currents are varied. The intersection of the two lines provide
the value of the current for which the local field is zero as observed
by ion. The slopes of the two curves matches within uncertainty and
provides a precise measurement of the magnetic field measurement
as a function of the coil current. Same current is provided to both
the coils. The measured value of the vertical component of the local
magnetic field is found to be 310±10 mG.
4.2 Magnetometry with a single ion
In the following two different schemes of the Hanle type spectra will be dis-
cussed as described theoretically in sec. 4.0.1. Here “Hanle type” refers to
the orthogonal arrangement of wave vector, magnetic field and the direction
of photon detection. However polarization independent measurement has
been performed unlike Hanle spectrum. The aim of these experiments is to
use the central narrow dip close to magnetic null field as a vector magnetic
field sensor. In this particular arrangement the single ion provides high
resolution of the order of a few hundred nanometers and same sensitivity
as that of a coherent population trapping magnetometer using a small gas
cells [87]. The unique feature of this setup is the presence of multiple CPT
and hence it is possible to enhance the signal-to-noise ratio. The Hanle
measurements are done with all the relevant parameters into consideration
for each transitions, like the saturation parameter and the detuning of the
455 nm laser. A 90o geometry has been used for all our measurements.Two
separate measurement protocols using different combinations of the excited
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Figure 4.9: (A) The relevant level diagram along with the excitation
lasers wavelengths. (B) A schematic of the time sequence of each of the
lasers applied for steady state approach.
and ground levels in the 138Ba+ while the 455 nm photons only detected
during excitation has been performed as derived in sec. 4.0.1 namely, pro-
tocol involving (i) steady state excitation of ion to P3/2 using all the lasers.
(ii) steady excitation of the ion to P3/2 without the 493 nm laser.
4.2.1 Protocol I
In this scheme the trapped ion is first Doppler cooled and prepared in the
ground state followed by simultaneous application of the 493 nm, 650 nm,
455 nm, and 614 nm, lasers within 500 µs while observing the 455 nm photon
within the same time window. As the excitation time is large compared to
the coherence time in the system, the system attains steady state. However
the experiment has been performed in pulse mode in order to have same ex-
perimental condition for other protocol described in next section. Both these
protocol has been implemented in same experimental cycle. The parameters
like saturation parameter and detunings are kept constant throughout the
experiment. As shown in Figure 4.9 the typical Doppler cooling time and
the repump time is around 100 µs and 20 µs respectively which is adjusted
from the stability of the ion for high magnetic field. The fluorescence at
455nm as a function of the vertical magnetic field is then plotted as shown
in Figure 4.10. The solid line gives a Lorentz fit to the central dip. At exact
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Figure 4.10: Fluorescence count rate obtained while the ion is coher-
ently excited by all four lasers. The Lorentz fit to the central dip is given
by the solid line.
null magnetic field, the atom is transparent to all the laser lights and no flu-
orescence is observed except only background scattering level. As explained
by the simple model, the atom goes to one of the degenerate dark states
as soon as the magnetic field is null which makes the magnetic sub-levels
degenerate. Since the D-states are only coupled by quadrupole transitions,
the width of this dip is mainly governed by the saturation parameter of the
re-pump lasers and other technical noise. This can be treated as Hanle type
coherent population trapping(CPT) method [87]. While in this case there
are three possible CPT occurring, between the P3/2−D5/2, P1/2−D3/2 and
S1/2 − D5/2 respectively. The derivative of the narrow dip provides a zero
crossing with a slope (∆N/∆B) of 4.18× 104 counts/s/Gauss. The present
background noise σ(N) is 1.07×102 counts/√s. Thus the sensitivity which
is define as
∆B = σ(N)/(∆N/∆B), (4.3)
is 256.7 ± 28 nT/√Hz. One important observation of this experiment is
that this narrow dip at the magnetic null field can be used as a vector mag-
netometer enabling measurements of x,y and z components of the magnetic
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Figure 4.11: (A) The relevant level diagram of Ba+ along with the
excitation laser wavelength. The 493 nm laser is switched off in this
protocol. (B) The time sequence of each of the lasers applied as used in
the sequence but not to scale.
field at the ion position. The vertical magnetic filed component at the ion
position is 0.305± 0.01 Gauss whereas the value obtained from the Zeeman
measurement using S1/2 −D5/2 transition is around 0.311± 0.005 Gauss.
4.2.2 Protocol II
In this scheme the trapped ion is first Doppler cooled and prepared in the
ground state followed by a simultaneous excitation by 650 nm, 455 nm, and
614 nm, lasers. The parameters like saturation parameter and detunings
are kept constant throughout the experiment. As shown in Figure 4.11 the
493 nm is kept off during the steady state fluorescence collection. This
allows higher probability of the ion to be in the P3/2 state under steady
state condition.
The fluorescence at 455nm as a function of the vertical magnetic field is
then plotted as shown in Figure 4.12. The solid line gives a Lorentz fit to
the central dip. One striking feature of this curve is that the central dip
is narrower compared to the case when 493 nm laser is kept on. This is
also seen in the numerical calculation of the 18 level Bloch equations. Even
though from theory it is seen that the width of this dip can be reduced by
choosing lower saturation parameters for the repumpers. The experimental
data are taken at a slightly higher saturation parameter values. Like the all
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Figure 4.12: Fluorescence count rate obtained while the ion is coher-
ently excited by all the three lasers except the 493 nm laser. The Lorentz
fit to the central dip is given by the solid line.
laser on condition here the effect can be explained from the CPT between
two lambda structures. Therefore the absence of 493 nm laser makes two
CPTs at D3/2 and D5/2 and hence the slope obtained from this protocol is
(∆N/∆B) of 1.17×105 counts/s/Gauss. Considering the background noise
the sensitivity
∆B = σ(N)/(∆N/∆B), (4.4)
is 92± 16 nT/√Hz.
The narrower dip obtained without the 493 nm laser is promising in terms
of getting better precision and sensitivity of the zero point value. This also
involves less control of parameters due to the absence of 493 nm laser. The
vertical magnetic filed component without the 493 nm laser is 0.31 ± 0.01
Gauss whereas the value obtained from the Zeeman measurement using
S1/2−D5/2 transition is around 0.311±0.005 Gauss. Where as the horizon-
tal components of the magnetic field vector for two orthogonal directions
are obtained as 0.4368± 0.01 and 0.0116± 0.027 Gauss respectively. A nu-
merical solution to the 18 level is used to fit the experimental data with the
75
Chapter 4. Towards magnetometry and lifetime measurement of P3/2 state
of trapped Ba+ ion





























Figure 4.13: Normalized fluorescence count rate obtained while the
ion is coherently excited without the 493 nm laser. The theoretical fit
to the spectra is given by the solid line. The saturation parameter for
455nm, 614 nm and the 650 nm laser are 0.8, 4.5, and 5 respectively,
while the detuning values are -12 MHz for 455 nm and -20 MHz for both
the repumpers
parameters close to the values used in the experiment. Figure 4.13 shows
the experimental data along with the theoretical fit represented by the solid
line. The values used in the solution of the OBE as shown in Figure 4.13,
(i) saturation parameter for 455nm, 614 nm and the 650 nm laser are 0.8,
4.5, and 5 respectively, (ii) the detuning values are -12 MHz for 455 nm and
-20 MHz for both the repumpers.
Having shown the first proof-of principle experiment to use a single ion
highly confined in≈ 100 nm3 volume, the possible improvements on the sys-
tem are given below. The first improvement is to observe the background
free-spectra from the P1/2-S1/2 transition which is at 493 nm. This would
involve the same scheme but instead of observing the 455 nm photons, the
observation will be performed on the 493 nm spontaneously emitted pho-
tons in absence of any 493 nm laser excitation. Thus, the sensitivity can
be improved without much cost to the signal. However the setup needs to
be modified to observe the 493 nm photons. At present the width of the
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CPT is dominated by the re-pump laser intensity. Therefore the other im-
provement which can be easily implemented is to reduced the intensity of
the re-pump lasers. On one hand it will reduce the rate of emission, but on
the other hand it will improve the sensitivity by increasing the slope of the
dispersion curve. The expected width of the dip is beyond Hz as obtained
from the theoretical calculation discussed in sec. 4.0.1
4.3 Experimental protocol and results towards
the lifetime measurement of the P3/2 level
An experiment is carried out adopting the method as introduced in section
2.3. The probability of the atom to be in the ground state is measured after
a 455 nm laser pulse excites the ion in ground state to the P3/2 state as
a function of the frequency of the 455 nm laser. After each pulse of the
455 nm laser applied for 10 µs the probability of the ion to be found in
the ground state is determined by the 493 nm photon count obtained when
the subsequent 493 nm and 650 nm pulses are applied simultaneously as
shown in Figure 4.14. To cool the ion to the Doppler limit, each cycle of the
pulses consists of cooling pulses with the detuning of the cooling 493 nm
laser fixed at the red side at approximately half the linewidth away from the
resonance to obtain a stable ion crystal in the trap. The variation of the ion
temperature and its corresponding influence on linewidth has been tested
by varying the detuning. In the limit of the saturation parameter tending to
zero the FWHM of the radiative spectra varies linearly with the intensity.
So, a measurement of the FWHM of the radiative spectra by varying the
intensity of 455 nm laser near zero can be used to determine the lifetime of
the excited P3/2 state.
In experiment it is necessary to keep the intensity of the laser fixed while
the frequency of the laser is scanned across resonance. Usually, the fre-
quency scan is performed using an AOM in double pass configuration. To
keep the intensity of the AOM output fixed, first a fixed laser output power
from AOM is measured for the whole frequency range by varying the AOM
input amplitude. A polynomial fit function to that is used to adjust the
AOM amplitude which is integrated to the software programme controlling
the AOM frequency. A good calibration of the AOM amplitude provides
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Figure 4.14: (A) A typical pulse sequence used for the determination of
linewidth of the excited P3/2 state. The probe time denotes the interac-
tion time for which the ion interacts with the 455 nm laser. It is followed
by simultaneous application of the 493 nm and the 650 nm lasers. The
493 nm photons are collected during this time. (B) The theoretical plot
of the half-width-at-half-maximum as a function of saturation parame-
ter is plotted. The linear fit provides an offset of 12.76 MHz, Courtesy
Beno´ıt Greˆmaud [2].
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the intensity fluctuation within 5% precision. Once the laser intensity is ad-
justed over the whole frequency scan range neutral density(ND) filters are
used to reduce the intensity of the laser. Suitable choices of the ND filters
are used to vary the power near the zero intensity. A typical pulse sequence
used in the experiment is shown in Figure 4.14. The probe time denotes the
interaction time for which the ion interacts with the 455 nm laser. A typical
probe time used in the experiment ranges from 2 µs to 10 µs. It is followed
by simultaneous application of the 493 nm and the 650 nm laser pulse for
a duration of around 1 ms and the 493 nm photon is collected during this
time. To measure the power with higher precision a fast photo-diode is
used to measure the voltage corresponding to certain input power which is
considered as reference. The variation of the half width at half maximum
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Figure 4.15: HWHM of the radiative spectra as function of the inten-
sity of the incident 455 nm laser measured for different interaction time.
The solid line represents linear fits for each of the probe time.
(HWHM) as a function of intensities of the 455 nm laser is shown in Figure
4.15 for different probe time of the 455 nm laser. A linear increase of the
HWHM with intensities is observed at a fixed probe time. The intercepts at
zero intensity of the 455 nm laser as a function of the probe time is shown
in Figure 4.16. To study the systematics, influencing the FWHM, several
parameters like magnetic field amplitude and the probe time for which ion
interacts with the 455 nm laser as well as the detuning of the cooling 493 nm
laser are varied. One noticeable feature of these plots is that even though
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Figure 4.16: The HWHM at zero intensity of the 455 nm laser obtained
from intercepts of the linear fits as a function of different probing time.
The solid line represents a linear fit to it.
the slope changes as the probe time is increased, the intercepts at zero inten-
sity which gives the HWHM around 14.58±0.39MHz(statistical). However,
the systematic effects need to be carefully checked.
The effect of magnetic field splitting within 5 MHz has been seen to have
almost negligible influence on the width. A theoretical analysis of the
above mentioned experimental protocol shows an expected HWHM around
12.76 MHz as shown in Figure 4.14. The inconsistency between the theory
and experiment is still not understood, at the time of writing the thesis.
In conclusion, it is found that multiple coherent population trapping (CPT)
obtained by Zeeman degeneracy can be a good resource for high resolution
and high sensitivity magnetometry. These results along with complete theo-
retical understanding of the system provides a solid background to improve
on the parameters of the magnetometer. In the last section a new scheme
has been introduced which can potentially improve the lifetime measure-
ment precision on the P3/2 state of Ba
+. The most important experimental
feature of both the methods discussed in this chapter is the simplicity of
using only dipole allowed transitions and hence require less stringent con-
ditions of laser linewidths and phase locking.
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5.1 introduction
Traps introduced in previous chapter, incorporates three dimensional elec-
trode arrangements to trap ions. This chapter will explain several design,
simulation and fabrication of surface electrode traps to trap Ba+ ion. Sur-
face traps consists of radio frequency(RF) and DC electrodes all lying on
a plane [88, 89]. It offers advantages in terms of scalability, the possibil-
ity to try out complex structures [90, 91] relatively faster fabrication and
greater laser accessibility. But, its low trap depth and shorter ion-electrode
distance make it challenging in terms of storage time and higher heating
rates. It requires special attention for its design and fabrication techniques.
Use of cryogenic cooling of the trap surface reduces the heating rate by
almost two orders of magnitude [92]. Another alternate method using ar-
gon ion mill to clean the surface is seen to reduce the heating rate by two
orders of magnitude [93]. Actual reason of this heating mechanism is not
well known,however what is mostly believed is that contamination leads to
patches on the electrode surfaces [94, 95]. These insulating patches modify
the potential and in case of applied RF these modifications lead to time
varying field on top of the confining field. Since the trapping potential is
low in case of planar geometry, these modifications lead to increased noise
and the ion is eventually heated out of the trap. Still a lot of efforts need
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to be made to understand this heating rate in a surface traps. Surface
electrode traps have been fabricated using techniques like printed circuit
boards (PCB) [96], metal deposition using electroplating or evaporation
[97]. Here, several different designs and fabrication techniques have been
tested to trap Ba+ on a surface electrode trap. An overview of those trials
will be presented in this chapter. The chapter includes a brief information
of the design concept, simulation and fabrication. It further describes the
full experimental setup development and shows some of the challenges that
forbids present industrial process to deliver PCB traps.
5.2 Simulation of trapping potential
Trap simulations involve calculation of electric potential (Φ) due to a charge
distribution around the ion. Most of the surface trap geometries are com-
plex enough to solve it analytically. Very few specific cases can be solved
analytically. The analytic solution for traps with five wire geometry has
been presented in chapter 2 also can be found in references [98–100]. Here,
I will present the numerical simulation of the surface electrode geometries
to get a stable trapping potential. Numerical methods involve ways to solve
the Laplace equations of a boundary value problem for a particular geome-
try. The governing equation for any trap geometry is the Laplace equation
in free space
52 φ = 0 (5.1)
where, the Dirichlet boundary conditions
φi = Ui i = 1, 2...n (5.2)
φi is the surface potential due to the i
th electrode and Ui is the voltage
applied to it.
There are two commonly used method to numerically solve partial dif-
ferential equations, the finite element method (FEM) and the boundary
element method (BEM) [101–103]. In FEM the volume for which one wants
to know the solutions is divided into small but finite size elements with uni-
form material properties, while in BEM only the boundary is discretized.
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Figure 5.1: (A) A surface trap made from PCB along with the name
of the electrodes in a five wire geometry. (B) subdivisions of the pcb
geometry in CPO. Central dense subdivisions are made to increase the
accuracy of simulation.
We performed the trap simulations using BEM because a rectangular grid
structure can be chosen for solutions. This helps to post process with matrix
based programming languages like MATLAB. Trap simulations has been
performed using the charged particle optics(CPO R©) package which uses
boundary element method for simulation. The trap is drawn in a CAD pro-
gram and pre-segmented into rectangular parts before put into CPO. CPO
further segments each part into finer mesh structure. Figure 5.1 shows typ-
ical design of a five wire segmented surface trap electrodes and its CPO
image with grid structure. The grid size near the trap center is chosen to be
finer as compared to other parts to get more accurate results. With a rela-
tively large grid size, the trap center is first roughly calculated. Then using
a finer grid size at the central trapping region helps to calculate accurate
potential near the trap center within short simulation time.
5.3 RF Potential
In an ion trap, confinement in the radial directions is achieved by application
of radio frequency voltage to the central RF electrodes as shown in Figure
5.1. The time dependent potential caused by the RF can be represented
by an effective time independent pseudopotential. The simulation process
involves setting up all the DC electrodes to 0 V, while the RF electrode to
1 V. Calculated φRF from CPO is post processed in MATLAB to get the
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Figure 5.2: RF pseudo potential cross section calculated from the po-
tential calculated using CPO and then post processed in MATLAB.





where e represents electric charge and m represents mass of the ion. Figure
5.2 shows typical cross section of the RF pseudopotential obtained from
CPO simulation for a five wire segmented surface trap design.
5.4 DC Potential
The radio frequency voltage applied to the central RF electrodes ensures
trapping potential in radial directions. The axial trapping potential is cre-
ated by DC electrodes symmetrically placed both sides of RF electrode.
Simulation of DC potential can be applied to any electrode configurations.
This is justified by the linear nature of the involved differential equation and
the principle of superposition. The general approach to calculate the DC
potential at any arbitrary point(rk) above the trap surface is the following:
1. RF electrodes are set to zero potential
2. Assign Ui to unit voltage whereas rest Uj 6=i is set to 0 V.
3. Base function φi(rk) is calculated at all grid points.
4. Steps 2 and 3 are repeated for all the DC electrodes present.
5. Total DC potential is calculated from the weighted sum of all the indi-
vidual potentials for each electrode.
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To obtain a stable trapping, a near harmonic potential must be obtained
near the trap center. In general the potential created by each electrode can
be expanded into a sum of multipole potentials [104]. To explain it more
clearly the potential for jth electrode up to second order in cartesian coor-
dinates can be written as
Φj = C0,j + C1,jx+ C2,jy + C3,jz +K4,j(x
2 − y2)
+C5,j(2z
2 − x2 − y2) + C6,jxy + C7,jyz + C8,jzx
(5.4)
where Ci,j are the constant prefactors. Now from superposition principle
the total potential at the trap center can be written as the linear sum of
the potential created by individual electrodes. After doing the sum for all
electrodes j, the multipole moments can be expressed by matrix Ci,j where
j denotes the electrode number and i denotes the multipole component in
the expansion. For a set of voltage Ui the multipole moment M can be












C1,1 C1,2 . . . C1,N
C2,1 C2,2 . . . C2,N
















where N denotes the total number of DC electrodes and k denotes the
number of terms considered in the expansion. The monopole term corre-
sponds to a constant offset so it has been neglected. Our target is to get
the multipole potential reduced to only one of the terms in the expansion.
To illustrate it in detail if one is interested in generating an x-dipole, the
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requirement is to find a set Ui so that only the first term on the left hand
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Usually M is a rectangular matrix unless the number of terms in the ex-
pansion equals to the number of DC electrodes. The solution has to be
found numerically in least square approximation. This involves solving the
equation M=CU by minimizing the norm
||CU −M||.
This is done in MATLAB by calculating the pseudo inverse using singular
value decomposition method.
The total potential is calculated by summing the RF pseudopotential(ψRF)
and the DC potential(ΦDC).
ψ = ψRF + ΦDC.
5.5 Experimental setup
In order to trap Ba+ a few general steps required to be done. First, a
stable confining potential is required to trap the ions. The calculation of
the potential is explained in the previous section. The fabrication of these
traps and associated challenges are presented here. In order to prevent
collisions with residual gas a vacuum system with pressure below 10−10 mbar
is necessary. The possibility of cryogenic cooling of the trap is also discussed.
This is important in reducing the noise due to surface imperfections leading
to ion heating. Finally, a dedicated laser system to address ionization of
the atomic barium and cooling of ions are presented.
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5.6 Printed circuit board trap




Figure 5.3: A picture of gold plated trap made by standard commercial
technique on PCB. 10nF Capacitors are soldered one end to the ground
plane while the electrodes are connected via bonded gold wires to filter
induced RF voltage in the DC electrodes.
So far all tests to trap Ba+ has been based on printed circuit board(pcb).
The process used to make the design on pcb has been varied from industrial
process to in house etching and micro milling . The design of the trap is a
five wire geometry with central control electrode surrounded by pairs of RF
electrodes to provide trapping potential in the radial direction. While three
pairs of DC electrodes are used to drive the central control electrode(VCC),
two lateral control electrodes (VLC), and four endcaps (VEC). The very first
pcb was made using commercial industrial procedure. The pcb material
used is R©Rogers 3003 because of its superior vacuum compatibility. It con-
sists of 35 µm of copper layer on a 1.5 mm ceramic dielectric substrate. The
RF electrode and the central electrode has a width of 350 µm and 250 µm
respectively at the center. The gaps between the electrodes are 200 µm.
The trap operating voltage is kept around 200-250 VRF at a frequency of
7.2 MHz. The design of this five wire trap geometry which can be solved
analytically. We also obtained desired parameters using CPO simulation as
well. Figure 5.3 shows a picture of gold plated pcb trap made by standard
commercial technique. Following the simulation process as described in the
previous sections, a number of other designs has been tried out experimen-
tally to realize trapping of Ba+ ions. Two stable set of DC voltages and
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Figure 5.4: (A) Total pseudopotential cross section obtained for VCC =
9V, VLC = 9.5 V and VEC = 10 V .(B)Total pseudopotential cross section
obtained for VCC = −3V, VLC = −10V and VEC = 5 V .
their corresponding total potential contours for which stable ion motion is
observed is shown in Figure 5.4.
The trap center is situated about 400 µm above the surface for the trap
described above. This height is mainly determined by the RF and the cen-
tral electrode dimensions. Once the RF minima is determined next thing
needed is to coincide the DC null at the RF minima to confine ion from all
three dimensions. The DC null was determined by the voltage set simulated
to keep the minimum of the DC potential coinciding with the RF null.
5.7 Vacuum Setup
One of the important requirements for trapping ions is low background
pressure. Lower pressure means lower collisions with the background gas,
hence less probability of ion loss. The vacuum chamber which contains the
trap is made out of non magnetic stainless steel. The chamber consists of
a six-way CF 16 open ports for laser access and barium oven. Two other
CF 63 ports perpendicular to the six-way ports are used for fluorescence
collection and ion trap support. The trap is mounted on the cold finger
connected to the trap support as shown in Figure 5.5. The cold finger has
a circular cross section with a diameter of 10 mm and a length of 10 mm
from the base. Four narrow stands hold the pcb at the same height as the
cold finger while the middle part of the pcb stays in contact with the finger.
Two other CF 40 ports as observed in Figure 5.6 are used for electrical
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connections and several pump connections using tees and crosses. The trap
stand is custom designed platform attached to CF 63 flange to include the
cooling capability using liquid nitrogen or liquid helium. The trap sits on
the cold finger and four stands attached to base of the finger.
All the lasers are overlapped into a single beam and passed through the trap
Figure 5.5: Trap support and cooling finger. The cooling finger is of 10
mm diameter and with a height of 10 mm above the base of the cooling
tank. The trap sits on four stands attached to the base having same
height as that of the cooling finger.
center few hundreds of µm above the surface via view port V1. Laser beam
makes an angle around 20◦ to 25◦ with the trap axis which is determined
after aligning the oven. This also helps to efficiently cool ions along all three
principal axes [105] of the trap. A schematic of the laser beam direction
above the trap surface along with the trap axis is shown in Figure 5.7. A
titanium sublimation pump and an ion pump are connected to the main
chamber on either sides of it. Initial pumping of the whole chamber is done
via a turbo pump that is sealed off by an all metal valve. Once pumped
by the turbo and baked out at a temperature around 120◦ for a couple of
weeks the all meatal valve is closed and further pumping is done by the ion
pump and the titanium sublimation pump. The final pressure achieved is
around 1× 10−10 mbar.
All the wires connecting DC and RF electrodes are directly soldered to the
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Figure 5.6: (A) A schematic of the vacuum setup. The barium oven is
attached to the feed through pins and is placed right above and parallel
to the trap surface. (B) A top view of the vacuum setup along with laser
beam direction.
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pcb using no clean solder wires. Induced RF in each DC electrodes are
filtered by capacitors directly soldered on the pcb. RF connection is feed
via one feed-through connector while all DC voltages are feed through a
separate connector. After soldering is done the pcb is cleaned using following
procedure,
1. PCB is immersed in a flux remover Chemtronics ES132(Flux-Off Aqueous
Flux Remover) and ultrasonicated at 50◦C. Flux remover is diluted with
deionized water in a ratio of 1:10. After sonication the pcb is rinsed with
de-ionized water and dried.
2. The pcb after being dried is immersed in isopropyl alcohol for 30 minutes
in ultrasonic cleaner. Its is later de-ionized and let it dry in open.
Cleaned and dry pcb is finally put inside the vacuum chamber.
5.8 Magnetic field coils
A pair of coils are attached to an arm of the six-way view ports as shown
in Figure 5.6. This produces a magnetic field of about few gauss along
the plane of the trap surface. The polarization of the cooling beams are
chosen orthogonal to the magnetic field direction, thereby avoiding optical
pumping.
5.9 Barium oven
Atomic source for barium is an oven consisting of a stainless steel tube of
approximate length around 25-30 mm. Tantalum wires are spot welded to
both ends of the tube for electrical connections. One end of the oven is
closed by pinching and covering with a tantalum foil. The barium oven is
inserted through one of the six-way ports using a multi-pin feed-through.
A macor support is placed through two pins of feed through and other pins
are cut short to make space for oven. Barium oven is placed parallel to the
pcb surface with the oven opening right above the it. This design avoids
major barium deposition on the surface.
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5.10 RF supply
The trap is operated at typical RF amplitude around 250 V producing a
trap depth about 120 meV to 250 meV . Two separate RF supply has been
tested. A resonator made up with lump inductors and capacitors has been
constructed to deliver about a maximum of 150 V RF amplitude at 7.2 MHz.
The circuit consists of a LC resonator with an impedance matching circuit.
Quality factor of about 20 is obtained. Actual voltage delivered to the trap
is measured by a 100:1 capacitive divider. Another λ/4 helical resonator has
been constructed in order to go higher in voltage. The resonator consists of
copper wire wounded in helical structure placed inside a cylindrical shield
[106]. The signal is feed to trap via a small length BNC connection with
sub-c crimps connecting to the connector flange. Voltage generated by a
signal generator is amplified by a 2W amplifier and then impedance matched
to helical resonator. The exact resonance frequency is tuned observing the
reflected signal from trap with a standing wave ratio(SWR) meter connected
between amplifier and the resonator. The reflected signal vanishes when the
impedance matching is obtained by adjusting the resonator parameters.
5.11 DC supply
The surface trap requires DC voltages of both +ve and -ve polarity. A
computer controlled USB supply is used to supply the required DC voltages.
The used supply has the advantage of having ten channels each capable
of providing bipolar voltages from -10 V to +10 V. The precision of the
DC voltage is about 1 mV. A low pass filter board is placed between the
trap and DC supply to filter out any residual high frequency going to the
DC electrodes as well as to avoid any trap RF going into the DC supply.
Typical filter suppression is around -60 dB. An amplifier at the output of
USB supply can be used to supply voltages above 10 V if required at the
expense of power resolution.
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Figure 5.7: (A) Relevant energy levels of 138Ba+ along with the wave-
lengths of transitions. The 493 nm transition between 6S1/2 and 6P1/2 is
used for cooling and the laser at 650 nm is used to re-pump the ions out of
5D3/2 state. (B) The beam direction for Doppler cooling and repumper
laser with respect to the trap axis and magnetic field direction.
5.12 Level structure and Laser setup
The laser system has been developed compositely to run the surface trap as
well as the other 3D trap running simultaneously. Even though many lasers
has been developed to address different levels of Ba+ ion(Figure 5.7), here
following three lasers relevant to the surface trap work will be described here
briefly. One of them is a resonant ionization laser while the other two lasers
are used for cooling and detection. A separate optical table is used to build
all the laser and then they are distributed to two different setups via optical
fibers on an another optical table. A home built extended cavity diode
laser at 413 nm is used to ionize barium atom via inter combination line of
the atom. This allow rather simple single laser resonant ionization of the
barium atom as compared to generally used two laser ionization schemes.
The details of the laser and ionization has been explained in ref. [81]
A strong dipole transition at 493 nm between the levels 6S1/2 and 5P1/2
is used for doppler cooling and fluorescence detection. Frequency doubled
module DL-SHG pro from Toptica is used for this excitation. Another DL-
100 pro from Toptica at 650 nm is used as re-pumper. Both the laser are
locked to a reference cavity using Pound-Drever-Hall lock. The cavity setup
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To lock in amplifier 








Figure 5.8: Schematic of opto-galvanic setup. A modulated laser beam
at 650 nm used for lock in detection of the small change in current induced
by laser.
Figure 5.9: Output of the lock-in amplifier as the modulated 650 nm
laser light is swept across resonance. The width of the signal is around
1 GHz which is limited by doppler broadening.
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is explained in the next section. The 493 nm is also locked to a atomic refer-
ence i.e to a Te2 cell using modulation transfer spectroscopy (MTS). Similar
atomic reference for 650 nm laser is obtained via a barium hollow cathode
lamp (HCL) opto-galvanic spectroscopy [107] whose schematic is shown in
Figure 5.8. The HCL discharge starts at about 125 V and once steady cur-
rent flows at 10 mA, a constant power is dissipated across a power resistor
of 10 kΩ. The glowing plasma inside the tube mostly contains Ba+. If
now 650 nm laser is sent to the tube, further ionization to Ba2+ induces a
change in the current. This small increase in current can be detected if we
modulate the laser at few kHz and detect the signal by lock-in amplifica-
tion. Modulation is usually done by a chopper at about 1 kHz. The signal
is detected by lock-in amplifier (Stanford Research Systems 510). Observed
opto-galvanic signal shows a gaussian profile across resonance with a width
around 1.2 GHz fitting well with the expected Doppler width. Figure 5.9
shows the opto-galvanic signal obtained from lock-in amplifier with 650 nm
laser. The error bars are mainly due to the integration time which is kept
short in this case.
5.12.1 Reference cavity setup
A single zerodur block is used to make two identical Fabry-Perot cavities.
Zerodur is a glass ceramic material with low linear expansion coefficient,
|α| ≤ 10−7K−1. It is used as fixed spacer for the cavity mirrors. The mirrors
are attached to the end of the tube using UV curing glue from NORLAND
products (NOA 68). One mirror is placed on a macor spacer attached to a
cylindrical piezoelectric material for scanning the cavity length. Each cavity
contains one plane mirror and another concave mirror thereby having a semi
confocal arrangement to in stable cavity operation regime. The radius of
curvature of the concave mirror is 10 cm. The mirrors have reflectivity
>99.5% for both 986 nm and 650 nm. Cylindrical zerodur is placed inside
a aluminium tube through two teflon ring support. The aluminium tube
closed from both ends except holes for laser access and piezo connecting
wires. Figure 5.10 shows the cavity zerodur placed inside the aluminium
enclosure.
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(a) (b)
Figure 5.10: (A) A zerodur spacer within an aluminium tube. Two
teflon rings hold the zerodur inside the tube. The mirrors are supported
by macor rings. (B) The complete cavity setup with enclosure. Two
cavities are made in single zerodur spacer.
Both the lasers 986 nm and 650 nm are locked to the cavities by Pound-
Drever-Hall (PDH) method [86]. The idea of PDH method is to generate
an error signal from the cavity reflected signal. Error signal phase changes
its sign across the resonance. This zero crossing dispersive signal is used
to lock the laser. A schematic of the optical path for PDH setup is shown
in Figure 5.11. Laser frequency is modulated at around 20 MHz generated
by a local oscillator. This produces two sidebands with opposite phase at
sum and difference of laser frequency and local oscillator frequency. The
reflected signal from the trap is sent to the PDH module to produce an
error signal. The error signal is feed back to the laser current via the fast
circuit branch of fast analog linewidth control(FALC). In locked condition
the residual stable error signal amplitude is seen on an oscilloscope. The
PDH error signal slope at center is measured from the peak to peak voltage.
The residual error signal amplitude and the slope at center can be used to
measure an upper limit of the combined linewidth of the cavity and laser.
The measured linewidth of the cavity from the error signal noise is around
300 kHz. The 986 nm laser has relatively higher stability compared to the
650 nm laser. This can be explained from the lower error signal amplitude
due to higher losses of the cavity mirrors at 650 nm and higher photo-diode
efficiency at 986 nm. This affects the signal to noise ratio of the error signal.
A drift of about 20 MHz per day for the 986 nm laser whereas the 650 nm
laser has a drift about 20MHz per 6hr. The piezo attached to one of the
cavity mirror is used to shift the cavity resonance at the atomic reference
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for both the lasers. The cavity transmission and corresponding error signal
are shown in Figure 5.12.
986 nm Laser 






Optical  isolator 







Modulation in to Bias-T 




Figure 5.11: A schematic of the optical setup used for phase locking.
Coupling of the two lasers are done from opposite sides to make enough
space for optics. Modulation of the current at about 20 MHz using Bias-
















Figure 5.12: Cavity Transmission and error signal as obtained for 986
nm laser. Similar signal is obtained for 650 nm laser as well. The error
signal is feed to the laser current using a Fast analog linewidth control
module (FALC).
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5.13 Optical setup
All the laser lights are transported to the experimental chamber through
single mode fibers. On the experimental optical table they are overlapped
and sent to the trap together. So, once they are overlapped only one beam
path needs to be controlled. Lasers coming out of the fibers at 493 nm and
650 nm are mixed using a dichroic mirror. The ionization laser is overlapped
to the mixed light using a polarizing beam splitter (PBS) placed before














Figure 5.13: A schematic of the optical setup coupling lasers to the
trap. An in-coupling achromatic lens with a focal length of 120 mm
focuses the overlapped beam to the trap center. Overlapping of the
beams and approximate height of the beam above trap surface can be
set by reflecting the light through flip mirror onto a pinhole placed on
x-y-z stage.
by this PBS. A flip mirror is placed after the coupling lens to monitor the
overlap and to fine tune the position of focused light above the pcb surface.
The coupling lens as shown in Figure 5.13 is places on a x-y-z stage and
another pinhole is placed at a distance same as the coupling lens to trap
center. The laser beam is first send above the trap with a very low intensity.
Beam is aligned just to graze above the surface which is seen on the CCD
camera with a short exposure time. Once grazing incidence obtained the
light is reflected by the flip mirror and send through the pinhole sitting on
a x-y-z stage. This serves as the reference height for the trap surface. Now
the pinhole is moved by same height as that of the trap minimum height
from surface and the coupling lens is accordingly adjusted using micrometer
screws to pass the light through new pinhole position. The flip mirror is
98
Chapter 5. Surface electrode ion trap design and fabrication
now moved from the main path and light is sent through approximate trap
center.
5.14 Imaging setup
The detection of the ion position or in some sense ion’s internal state is done
by collecting the fluorescence light from cooling transition using a collection
lens and an electron multiplying charge-coupled device (EM-CCD) camera.
To increase the collection efficiency it is desirable to have a large solid angle.
This is achieved by placing the imaging lens as close to the trap as possible.
A lens system is used with numerical aperture NA = 0.24 and focal length
77 mm. The lens is mounted on a x-y-z translational stage. A band pass
filter at 493 nm with a bandwidth of 10 nm is used in front of the camera to
block the scattered re-pumping laser light or any other ambient light. The
camera, has an area of 10 mm × 10 mm with a pixel size about 8 µm ×
8 µm and a quantum efficiency of about 50 % at 493 nm.



















Figure 5.14: A schematic of the experimental set up for surface ion
trap with cryo-cooling possibility.
Figure 5.14 shows a photograph of the experimental setup along with the
laser beam paths. Light brought through optical fibers are overlapped and
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then focused to the trap center. The imaging is done through the bottom
view port. Four kind of different traps have been tested for Ba+ trapping
in several attempts. These include printed circuit board fabrication made
industrially with gold deposition on copper and without the gold deposition.
The other approaches include milling of pcb and etching using our in house
capabilities. So far, none of the traps has been successful to trap ions in time
scales larger than ionization time scales. In the following possible reasons
for the non functionality of these traps are discussed along with possible
improvements.
From optics part, the laser wavelengths are kept at right place which are
known from the other 3D trap [81]. To ensure lasers passing through trap
center, a flip mirror and a 50 µm pinhole is placed after the in coupling lens
at exactly same distance as the distance between coupling lens and trap
center. The coupling lens is placed into a x-y-z translation mount to fine
tune the beam position at the center.
As of the trap related electronics part, the DC supply is tested to have
very low noise with a precision of less than 1 mV. The RF amplitude is
transferred to trap which is confirmed by the SWR meter reflection being
at zero at resonance. Therefore, only other unknown parameter is actual
potential generated by possible non ideal electrodes.
This leads to check the surface quality of the pcb surface as well as the RF
breakdown voltage. Issue of breakdown voltage is a common problem in
surface electrode ion traps. Typical voltage that can be applied across a
gap of around 10 µm is of the order of 100 V. This leads an electric field
of about 1 MV/m. Even though in the case of sharp objects the actual
filed is dependent on the shape of the object. So, the local field at some
sharp object position can enhance substantially. In our trap designs, the
gap between the RF electrodes and the ground are typically around 100 µm
to 200 µm.
Inspired by this fact a test was performed to test the surface under EM-CCD
while RF amplitude of desired value is applied. Emission points appear
as glow on the electrodes edges due to electron emissions. The emission
intensity at a fixed point as well as the number of emission points are seen
to increase with the applied RF voltage after a certain threshold voltage.
Gold plated company made pcb has the lowest threshold around 110 V
across a gap of 200 µm while the pcb made via in house etching process is
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(a) (b)
Figure 5.15: (A) Field electron emission for pcb from company with
gold plated electrodes. (B) Emission pattern for the pcb from company
with copper electrodes.
(a) (b)
Figure 5.16: (A) Field electron emission from pcb traps made by in
house micro-milling. (B) Emission pattern for pcb made by in house
etching.
seen have the threshold voltage around 130 V across a gap of approximately
150 µm. No emission is visible when DC voltage of about 600 V is applied
as well as RF voltage applied at atmospheric pressure. Emission points are
seen with EMCCD with an em gain 200 and an acquisition time of 20 s.
Figure 5.15 to 5.16 shows emission pattern for different kind of pcb.
It was initially believed that these emission points could be associated with
some deformation of the edge quality of the electrode. However, the re-
sults were not convincing as appeared atomic force microscope(AFM) im-
age shown in 5.17. But the results were not convincing. Few points can be
associated to sharp edges but similar edges of even more deformed edges
are not seen to emit at all. Figure 5.17 shows typical surface profile of RF
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electrode edge containing emission point as seen with optical microscope
and AFM. Similar surface is observed even at places where there lies no
emission point.














Figure 5.17: AFM image of the surface of the RF electrode edge con-
taining emission point.
RF frequency dependence: The emission points are seen to increase
with frequency of the RF field. The RF voltage of about 200 V amplitude
at a resonance frequency of 4 MHz and 9 MHz shows a clear increase in the
emission points and their intensities at higher frequency. Figure 5.18 shows
the comparison of the two pictures taken with 200 EM gain of CCD and
an acquisition time of 20 s. Therefore, the emission requires time varying
potential.
Effect of electro-polishing: A PCB trap manufactured using in house
etching technique are seen have relatively better edge quality compared
to the industrial made pieces. The electrode pattern was generated on
ROGER 3003 by etching out copper from gaps while holes were made using
pcb milling machine. However, light emission is visible above a RF voltage
around 130 V. So, attempts were made to clean the surface using electro-
polishing [108]. Electro-polishing of the copper surface is done by immersing
the pcb in a electrolytic solution along with a pure copper(99.99%) block.
The solution is prepared using 55% H3PO4. The copper block is used as
anode and the pcb is used as cathode. Approximately 5-10 min of polishing
time is used. Longer polishing time creates undercut of the copper layer
and reduces the width. So an optimized time setting was used to ensure
the width does not change much. The polished pcb obtained are having
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(a) (b)
Figure 5.18: (A) Field electron emission observed for pcb with copper
electrode at RF frequency 4 MHz. (B) Field electron emission observed
for pcb with copper electrode at RF frequency 9 MHz.
(a) (b)
Figure 5.19: (A) Microscopic picture of normal pcb trap surface with
20X magnification.The surface contains few patches and sharp points.
(B)Microscopic picture of polished pcb trap surface with 20X magnifica-
tion. The image shows undercut due to longer time of polishing.
smoother edges compared to the unpolished edges. Figure 5.19 shows a
comparison of the edges for polished and unpolished traps.
Electron emission points for the polished pcb are seen to be less compared
to the unpolished pcb at a fixed RF voltage of 200V and frequency 9MHz
as seen in Figure 5.20. The change in emission threshold for the polished
pcb is slightly higher than the unpolished pcb.
Emission wavelength: It is expected that the emitted wavelength due to
electron emission would be mostly in infrared region. A filter glass having
90% transmission bandwidth from 650 nm to 1800 nm has been used in
front of the CCD to observe the wavelength of the light. A large drop in
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(a) (b)
Figure 5.20: (A) Field electron emission from an unpolished etched
surface trap at an RF amplitude of 200V at 9 MHz. (B)Field electron
emission from a polished etched surface trap at an RF amplitude of 200V
at 9 MHz.
(a) (b)
Figure 5.21: (A) Field electron emission from a pcb trap without any
filter in front of CCD. (B) Field electron emission from a pcb trap with
filter FGL 650 in front of CCD.
the intensity of the emission points are visible confirming light emission in
visible region below 650 nm as well. Figure 5.21 shows a comparison of the
emission with filter and without filter. As a conclusion from our pcb fabri-
cated traps, it was found that the problem of cold electron emission locally
distorts the trap potential. Moreover, these electrons due to presence of
strong RF field leads to secondary light emission from the copper surface.
Even though industrial process are helpful for quick manufacturing of sur-
face traps, the quality of these traps are unacceptable due to rough edges
on the electrodes. Table 5.1 gives a overview of the fabrication technique
and the observed emission. It was also further observed that the emission
rate is frequency dependent.
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Table 5.1: Emission characteristics of traps fabricated by different tech-
niques.
Fabrication method Observation and remarks
Industrial etching Surface quality as observed in microscope
is bad. Electron emission points appear




Improved surface quality compared to
industrial pcb but still shows emission
points at a slightly higher voltage com-
pared to industrial pcb.
In-house etching and pol-
ished substrate
Improved surface quality compared to un-
polished pcb, less number of emission
points at a same voltage compared to un-
polished pcb.
5.15.1 Field electron emission
Field electron emission is emission of electrons from solid surface due to high
electric fields [109]. This usually refers to electron emission from metallic
surface into vacuum. However it can take place from solid or liquid surface
into vacuum,air, fluid or a weakly conducting dielectric as well.
Field electron emission in pure metals occurs at very high electric field of
about 1 MV/m which also depends on the work function of the metal.
Even though the phenomenon has a number of useful applications in elec-
tron microscopy, for surface trap applications it is an undesirable source for
dielectric breakdown. Field electron emission can be explained by quantum
tunneling of electrons. Ralph H. Fowler and Lothar Wolfgang Nordheim
proposed the theory of field electron emission from bulk materials [110]. In
a parallel plate arrangements, the microscopic field FM between the plates
is given by
FM = V/W (5.5)
where W is the separation between the plates and V is the applied voltage.
Any sharp object created on a plate, makes the local field F at the apex
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higher than FM . This can be related to FM with an enhancement factor γ.
F = γFM (5.6)
The value of γ is determined by the sharp objects shape. So the local field
F, which determines the field emission characteristics, higher the value of
γ, lower is the value of FM at which significant emission occurs.
5.16 Future traps
The investigation as described in this chapter, clearly pointed to the short-
falls of using industrial etching technique for making surface ion trap for
Ba+ ion. we have started making traps using metal deposition on sapphire
or quartz substrate. A modification in the design also has been brought in
the new traps. As the Doppler cooling laser pass parallel to the surface,
there will be no projection in the yˆ axis . So that mode will not be effi-
ciently cooled. RF electrodes has been made asymmetric to make the RF
pseudopotetial tilted from yˆ direction [111]. This helps to more efficiently
to cool the ions in all three directions. This also avoids the necessity to keep
the light an angle to the surface which increase the scattered light going to
camera. The tilt can also be generated by few other ways. These include,
1. Addition of a constant offset voltage to all the DC electrodes either left
or right side of the trap axis.
2. Extension of the DC electron on either side to be greater than the other
side.
3. Splitting the central control electrode in two parts with a tiny gap be-
tween them. This is very effective in terms of having a higher tilt that can
be generated with lower voltage applied to the electrodes . But at the same
time since the central electrode dimension in general is few µm, it becomes
more challenging to fabricate it.
New traps are being prepared using metal deposition on polished quartz
substrate. Figure 5.22 shows the trap design with electrode dimensions and
corresponding RF pseudopotential cross section.
The trap design is patterned on a polished quartz substrate by laser cut-
ting. The depth of the cut is kept around 200 µm. Thereafter thin layer of
about 100 nm of Al and Cu is deposited on it. These traps are mounted on
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Figure 5.22: (A) A schematic of surface trap with asymmetric RF
electrode. Asymmetric RF electrode dimensions are made to tilt the trap
principal axes with the geometric axes. The widths of RF electrodes are
300 µm and 600 µm respectively, while the central RF ground electrode
width is 200 µm. The widths of all the gaps are 80 µm. (B) The RF
pseudo potential contours obtained for the asymmetric trap design. Trap
center is situated about 260 µm above the surface.
a ceramic pin grid array(CPGA) chip carrier and the connections are made
by Al wires bonded from CPGA to the trap electrodes as shown in Figure
5.23. A separates adapter which holds the trap CPGA carrier is soldered
to an adapter pcb where all the wires are connected.
1 mm 
Figure 5.23: Image of a new surface trap mounted on a CPGA carrier.
The trap is glued to the carrier with UHV compatible adhesive. The
electrodes are wire bonded with the CPGA connector pads.
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In summary, we have developed an ion trap system which is compact and
less time consuming in terms of trying out different designs. The fixed wire
connections to the adapter pcb allows just to prepare new pcb on CPGA and
plug it to the CPGA adapter. The cryogenic cooling ability of the design
gives a good prospect to control the heating rates which is crucial in such
traps. The challenge of attaining ultra high vacuum with pcb and solder
inside the chamber has been achieved. Higher atomic mass of barium ion
compared to other commonly used species like calcium or strontium makes
it difficult in terms of getting narrow electrode widths using pcb milling or
etching techniques. A comprehensive study of the field electron emission
from RF electrodes is studied at different frequency and amplitude of the
applied voltage. This study lays the foundation for developing the second




This thesis work is motivated by precision lifetime measurements of atomic
and molecular systems and development of a surface electrode Paul trap. A
brief summary of the thesis work followed by an outlook is presented below.
6.1 Conclusion
The thesis presents lifetime measurement of excited SF−6 which has been
successfully performed in cryogenic environment in an electrostatic trap
[68]. The lifetime has been measured with an unprecedented precision. The
adiabatic electron affinity value has been extracted which establishes the
structure of the molecular ion as C4v symmetric. The cryogenic cooling en-
ables us to observe neutralization for longest period of time so far reported.
In addition, the photo excitation of the trapped ions is seen to produce de-
layed emission due to electro detachment and dissociation. The Hanle type
measurement with single trapped ion presents a simple approach to realize a
vector magnetometer. The coherent excitation of a Ba+ ion shows coherent
population trapping (CPT) as the magnetic field is swept across zero. The
numerical analysis of the steady sate as well as the results indicate that
multiple CPT obtained by Zeeman degeneracy can be a good resource to
achieve high spatial resolution and high sensitivity of the vector magnetic
field determination.
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It also presents the development of a planar surface electrode ion trap us-
ing industrial techniques and printed circuit boards. The primary target
of the first generation planar traps has been achieved. We obtain ultra
high vacuum with pcbs and solders inside the chamber as is essential for
surface trap operation. First thorough investigation of cold emission from
uneven edges of the trap electrode is reported. The electron emission from
the electrode edges has been studied qualitatively for a variety of surface,
fabrication techniques and applied frequency.
6.2 Outlook
The study on SF−6 can be performed with a well controlled ion source which
can produce negative ions with low energies. A well controlled source along
with laser excitation possibility at different energies would be able to pro-
vide better signal-to-noise ratio of the dissociation and delayed emission
measurements.
Having laid the foundation, the lifetime measurement of excited P3/2 state
of Ba+ ion can be performed using single ion and a narrow band excitation.
The sensitivity of the magnetic null point measurement can be improved
effectively by using the background free detection of spontaneously emitted
493 nm photons while the 493 nm excitation laser is kept off. Also with
a chain of ions in the linear Paul trap, it os possible to map the magnetic
field vector along the axial direction with spatial resolution of the order of
few 100 nm.
New surface traps have been developed with asymmetric RF electrode de-
sign. The traps are fabricated on a polished quartz substrate to avoid any
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